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ABSTRACT 


Previous  experiments  have  shown  that  an  ocean  surface  represents  a 
strong  source  of  .high-frequency  (HF)  backscatter.  The  author  has  used 
a  2.5  km  receiving  antenna  array — -.the  world ' s  largest — to  study,  such 
backscatter  both  from  the  Gulf  of  Mexico  and  the  Pacific.  Ocean.  The 
narrow  beamwidth  of  this  antenna  ( 1/3  deg  average),  together  with  SFCW 
sounding,  confer  unusually  good  azimuth  and  time-delay  (range)  -resolution. 
The  resulting  detail  and  clarity  has.  made  possible  more  precise  quanti¬ 
tative  studies  of  sea  backscatter.  A  particular  goal  of  these  studies  is 
to  develop  a  method  of  locating  storms,  or  areas  of  unusual  calm. 

During  routine  sweep-frequency  recordings,  it  was  found  that  the 
higlirre solution  data  revealed  a  new  type  of  amplitude  variation — periodic 
in  both  time-delay  and  radio  frequency--which  roughly  resembled  lai-ge 
thumbprints  on  the  time-delay-versus-frequency  plots.  This  was  clearly 
a  new  phenomenon,  seen  only  during  the  fall  and  winter  months.  It  was 
hypothesized  that  magnetoionic  splitting  in  the  ionosphere  produced  a 
polarization-rotation  modulation  on  the  .received  backscatter  signals  and 
that  the  continuity  of  the  sea-  cross-section  polarization  dependence  was> 
responsible  for  making  the  lines  visible  only  in  backscatter  from  the  sea. 

Theoretical  development  of  this  hypothesis  led  to  simple  trigono¬ 
metric  expressions  which  describe  the  received  voltage.  Using  an  approxi¬ 
mate  -computer  raytracing  technique,',  and  representative  ionospheric  models, 
synthetic  backscatter'  records  were  constructed  which  agree  very  well  with 
the  "thumbprint"  line-families  observed  experimentally.  The  computer-? 
aided  predictions  also  showed  that  the  inability  to  detect  "polarization 
modulation"  during  the  summer  is  due  to  the  more  sensitive  dependence  of 


iii 


polarization  rotation  upon  frequency j  time -delay,  and  azimuth  during 
that  season. 

Conclusive  proof?  of  the  theory,  came  when  the  transmitted  polariza¬ 
tion  was  changed  while  successive  frequency  sweeps  were  recorded.  When 
the  transmitter  polarization  is  switched  from  vertical  to  approximately 
circular,  the?  "thumbprint”  lines?  in  the  time-delay-vs-f requency  data  are- 
usually  . blurred .  When  "f ixed"-frequency,  amplitude-vs-time-delay  data- 
were  recorded,,  and  when  the  polarization  at  the  transmitter  is  switched 
from  vertical  to  horizontal,  the,  shift  in  the  positions  of  the  enhancements 
in  slant  range  correlated  very  well  with  the  theory. 

When  the  equivalent  beamwidth  of  the  2.5;’km  array  is  broadened  from 
i/2  to  4  deg  the  polarization  modulation  is  usually  undetectable.  Exam¬ 
ination  of  azimuth-scanned,  fixed-frequency  measurements  and  their 
theoretically-synthesized  counterparts  explained  this  beamwidth  depend¬ 
ence  very  well.  It  was  found  that  a  .beamwidth  as  small  as  2  deg  :is  not 
likely  to  be  sufficient  to  resolve  polarization  m  -julation  on  an  casttwest 
backscatter  path,  which  probably  explains  why  the  effect  was  not  positively 
identified  in  data  taken  before  the  uise  of  the  2,5  km? array.  These  con¬ 
clusions  do  not  necessarily  apply-  to  north-south  backscatter' paths, 
however., 

The  measurements  showed  that  the  variation  in  backscatter  amplitude 
can  easily  be  as?  much  as  10  dB,;  and  this  also  was  predicted  theoretically. 
Therefore,  any  measurement  of  changes  iri  sea  roughness  versus  distance 
made  with  high  sounder  resolution  must  account  for  "polarization  modula¬ 
tion,"  since  it  -tends  to  alter  the  qtherwise  smoothly-varying  amplitude 
of  the  backscatter  with  slant  range,  azimuth,  and  frequency.  It  was  shown, 
however,  that  the  effect  of  this  new  modulation  can  be  controlled  by  suit¬ 
ably.  modifying  the  polarization  of  the  transmitting  antenna-. 
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I.  INTRODUCTION 


A.  PURPOSE 

High- frequency  (HF)  radio  waves  which  propagate  to.  or  across  the 
earth's  surface  are  found-  to  scatter  from  rough  -areas  thereon,  dn 
particular,  it  is  known  that  an  irregular  ocean  surface  provides  ah 
excellent  backscatter  reflector.  Thus,  obliquely-incident  HF  radio 
waves  can  reflect  from  sea  waves  and  -then  return  to  the  vicinity  of  the 
transmitter..  The  purpose  of  the  research  described  in  this  report  ;was 
to  investigate  a  new  type  of  "modulation"  on  sea-rbackscatter  ecnoes*. 

This  type  of  modulation  causes  the  amplitude  of  the  backscatter  to  pass 
through  successive  peaks  and  nulls  in  the  dimensions  of  range  (time 
delay),  azimuth,  and  radio  frequency,  The  new  modulation  was  first  {por¬ 
trayed  by  families-:of  lines  of  signal  enhancement  resembling  thumbprints 
on  swepf-frequency  sea-backscatter  record?,.  This  remarkable  phenomenon 
was  revealed  when  a  linear  receiving  antenna  array  2.5:  km  long  was  put 
-into  operation  in  central  California  by  Stanford  (University. 

A  specific  purpose  of  the  investigation  was  to'  verify  a  hypothesis 
that  the  newly-discovered  modulation  is  caused  by  the  rotation  of  the 
polarizations  of  ionospherically-propagated;  radio  waves  which  illuminate 
^anb  scatter  from  a  given  area  of  the  sea.  .Additionally ,  it  was  desired 
to  study  the  limitations,  imposed  by  antenna-,  beamwidth  on  ability  to 
detect  the  new  sea-backscatter  modulation.  An  aim  of  the  work  was  to 
afford^ means  for  identifying  the  "polarization  modulation,"  and  thereby 
to  make  possible  better  control  of  sea-rbackscatter  amplitude,  and-  to 
aid  in  the  interpretation  of  ionospherically  propagated  sea  backscatter 
using  high  azimuthal  resolution. 


1 


B. 


BACKGROUND 


i .  lonosphVrically , Propagated  Backscatter 

The  term  "high-frequency  backscatter''  is  used  to  describe  the 
following  process:  A  pulse  of  radio-wave  energy  is  sent  out  from  a 
transmitter.  After,  a  dslay  on  tlv  order  of  0  to  50  msec  some  of  that 
energy  is  received  while  the  transmitter  is  off.  This  implies  that  the 
energy  has  returned,  after  reflection  from  a  distant  object.  The  des¬ 
cription  of  this  process  centers  upon  the  comparison  of  the  received 
energy  with,  the  transmitted  energy  -wave-  form,  together,  with  the  delay 
before  the  received  energy  is  recorded.  At  high  .frequencies 
(between  3  and  30  MHz) ,  the  energy  con  propagate  via  line  of  sight 
(ground  wave)  or  via  one  or  more  ionospheric  re  flections .  Because  of 
the  latter one  may  observe  backscatter  froriv  irregularities  on  the 
earth's  surface  (such  as  mountains  or  sea  waves)  out  to  distances  far 
beyond  the  visual  horizon?— on  the  order  of  3,000  miles  and  more.  It  is 
also  possible  that  "blobs"  of  enhanced  ionization;  will  act  as  reflectors. 
Figure  1  illustrates  this  process  schematically.  The  present  work  conr 
corns  the  ionospheric  mode  of  backscatter  propagation  from  the  sea  surface. 

Measurements  of  ilF  backscatter  date  back  to  the  late  1920's, 
wheir  investigators  first  recorded  pulse  echo,  returns  with  unusually  long 
time  delays.  In,  192G,  Breit  and  Tuve  [Ref.  l]  proved  that  a  "conducting, 
layer"  existed'  in  the  atmosphere,  and  it  was  proposed  in  the  same  year 
by  R.  A.  ’Watson-Watt  that  this  layer  be  called  'the  "ionosphere"  [Ref.  2], 

In  1927  Ekersley  [Ref.  3]  recorded  pulse  returns  from  longer  ranges  than 
were  typical  fi'om  the  ionosphere.  In  1928-29,  Taylor  and  Young  [Refs.  4,  5j 
observed  the  same  phenomena  and  decided  that  the  echoes  probably  came 
from  the  earth's  surface  via  an  ionospheric  reflection.  They  also  reported 
that  backscatter  from  the  direction  of  the  sea  was  unusually  strong. 

A  great  deal  of  debate  then  ensued  in  the  literature;  as  to  whether 
or  not  the  returns  actually  came  from  the  earth,  rather  than  from 
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IONOSPHERE 


Figure  1.  -norms  of  backscatter.. 
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irregularities  in  the  ionosphere.  (Wilkins  and  Sherman,  [Ref.  6,  1957], 
give  a  history  of  these  developments.)  The  arguments  were  finally  resolved 
in  1951,,  when  Peterson  [Ref.  7]  and  Dieminger  [Ref.  8]  almost  concur¬ 
rently  proved  that  what  was  termed  "2  X  F"  scatter  (that  seen  most,  often) 
was  duo  to  backseat  ter  from  irregularities  on  the  earth's  surface.  In 
the  same  year,  Abel  and  Edwards  [Ref,  9]  used  a  beacon  transponder  to 
return  signals,  from  700  to  2,000  miles  distant,  and  by  this  means  showed 
that  the  backscatter  originated  from  the  earth  and  traveled  via  the 
ionosphere.  There  is  still  evidence  that  some  backscatter  comes  directly 
from  ionospheric  irregularities,  both  in  the  E  and  F  regions.  The  latter 
type  of  scattering  is  rare  and  has  no  bearing  on  the  present  work.  It  is 
also  true  that  electron-density  irregularities  ("blobs")  in  the  ionospheie 
will  disturb  the  propagation  of  radio  waves  between  the  sounder  and  the 
earth's  surface,  and  hence  will  affect  the  amplitude  of  the  earth  back- 
scatter.  The  latter  effect  will  be  discussed  in  Chapter  IV. 

2.  Comparison  of  Land  and  Sea  Backscatter 

Early  comparisons  of  land  .and  sea  backscatter  by.  Villard  and 
Peterson  [Refs.  10,  11,  1952]  revealed  essentially  no  difference  between 
tlie  two.  In  1956,  McCue  [Ref.  12]  observed  that  land  was  probably  the 
better  scatterer,  but  his  sounder  illuminated  a  rather  rough,  hilly 
terrain;  from  which  ‘he  identified  a  mountain,  echo,  and  his  results 
below  30  deg  elevation  angle  are  difficult  to  interpret.  In  contrast, 

Ranzi  [Refs.  13,  14;,  1959-62]  reported  that  sea  backscatter  ^propagated 
by  the  FQ  layer  was  much  stronger  than  that  from  land  with  smooth  terrain; 
During  this  isame  period  -cf  time ,  Hagr,  [Ref.  15.],  using  an  airplane, 
measured  backscatter  directly  from  several  earth  sources  and  found  that, 
at  elevation  angles  above  10  deg,  the  "scattering  cross  section"  per  unit 
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•area,  a  ,*  was  on  the  average  about  a  hundred  times  stronger  for  the  sea 
than  for  the  land'-.  Hagn  used  a  1  psec  pulse  length,  which  is  much  shorter 
than  is  normally  realized  in  ionospheric  sounding. 

In  1965,  Steele  [Refs.  16,  17]  reported  the  results  of  a  well  cali¬ 
brated  experiment  in  which  he  measured  the  difference  between  land  and 
sea  backscatter.  Using  a  comparatively  broad-beamed  antenna  and  long 
(600-  psec)’  pulses,  he  determined  that  aQ(sea)  ^  10  dQ(land)  for  eleva¬ 
tion  angles  higher  than  10  deg..  These  results  agree  roughly  with  those 
obtained  ijy  Ranzi  and  Hagn,  and  for  elevation  angles  above  10  deg  they 
represent  probably  the  most  reliable  measurement  of  the  average  difference 
between  sea  and  land  backscatter  yet  reported.  There  is  still  need  of 
accurate  measurements  of  oQ(sea)  vs  c^Cland)  below  10  deg  elevation 
angle. 

Washburn  [Refs,  18,  19]  has  obtained  absolute  numbers  of  aQ(land) 

using  the  same  apparatus  as  the  author  of  the  present  work.  Washburn 

has  conjectured  that  the  average  scattering  cross  section  per  unit  area 

‘  -5  -4 

from  land  is  of  the  order  of  10  to,  10  *  with  discrete  excursions  in 

-1 

a  rising,  to  10  near  mountains . 
o 

3 .  <Sea  Backscatter 

To  date  in  the  open  literature,,  values  of  sea  backscattering 

-4 

cross  section  per  unit  area  at  HF  have  been-  measured  to  be  10  '  by 

Ir.galls  and  Stone  ,[Ref.  20  ]  and  10  to  10  by  Hagn  [Ref.  15]'.  The 

author  [Ref.  2l]  used,  a  new  method  for  calibrating  the  a  of  the  sea, 

-3  ° 

and  obtained  a  value  close  to  10  in  the  Gulf  of  Mexico.  It  is  clear 

*  A  very  useful  parameter  for  defining  the  reflecting  magnitude  of  a- 
scatterer  is-  its  "scattering  cross  section"  per  unit  area,  aQ  ,  which 
is  defined  as  a/ AQ,  where  o  is  the  total  scattering  cross  section  and 
AQ  is  the  illuminated  area,  o  is  defined  as  the  power  reflected  from 
the  scatterer,  divided  by  the  incident,  power  density,  and  is  usually 
expressed  in  square  meters. 


that  more  such  measurements  are  needed';  however,  it  is  already  apparent 
that  the  sea  surface  -represents  a  much  more  continuous  sea ttorer  at  HP 
than  does  the  land. 

The  "doppler  dependence11  of  the  sea  echo — i.e.,,  the  way  in  which 
the  traveling  sea  waves  shift  the  frequency  of  the  backscattered  radio 
waves--was  observed  and  explained  by  Crombie  [uef>.  22]  in  1955.  The 
same  type  of -doppler  dependence  was  observed  in  1956  by  Anderson  [Ref.  23], 
in  1957  by  Dowden  [Ref.  2d],  fn  i.961  by  Ranzi  [Ref.  25],  and  by  many 
others.  All  observations,  agree  with  Crombie' s,  and  point  out  that  the 
sea-baekscatter  doppler  spectrum  is  usually  confined  to  just  two  frequency 
components  located  by  equal  amounts  above  and  below  the  illuminating  radio 
frequency.  Those  components  are  directly  related  to  the  value  of  tlie 
radio  frequency,  so  that  they  may  be  predicted  with  good  confidence. 

(see  Chapter  II ).  A  dramatic  utilization  of  the  seats  doppler  was  shown 
by  Blair  et  al.  [Ref.  26]  in,  1969.  The  backscatter  from  the  land 
was  separated  from  that  from  the  sea  in  both  time  delay  and  azimuth  by 
virtue  of  the  difference  in  doppler,  so  that  a  map  of  Florida  could  be 
visualized.  With  regard  to  the  correlation  between  the  doppler  spectrum 
and  sea  state,  it  was  shown  by  Tcveten  [Ref.  27]  and  Ward  [Ref.  28]  that 
ionospherically-propagated  sea- backscatter  spectra  ;manifested  second- 
order  doppler  components  which  seem  to  increase  in  size  with  sea  state. 
Crombie  (private  communication)  is  also  studying  this  property  by 
measuring  ground-wave-propagated  sea  backscatter. 

V.ery  little  experimental  data  have  been  accumulated  to  show  the 

polarization  dependence  of  c  (sea)  at  high-frequencies.  Ranzi  [Refs.  13, 

o 

14]  concluded  in  1961  that  the  sea's  reflection  was  26  dB  stronger  for 
vertical  as  compared  with  horizontal  .polarization .  In  1965,  Steeie 
[Refs i  16;  17]  reported  a  "knee"  effect  in  the  backscatter  from  the  sea 
as  the  lower  elevation  angles  were  approached,  which  he  associated  with 
the  pseudo-Brewster  angle  of  the  sea's  reflection  for  vertical  polarization . 


Steele's  results  may  be' interpreted  by  assuming  that  the  sea -backscatter 

at  HF  is  -primarily  vertically  polarized  at  the  lower  elevation  angle. 

Further  measurements  of  the  polarization  dependence  of  a  (sea)  are- greatly 

d 

needed,  however,  as  is  a-  determination  of  its-  relation  !to  sea  state  and' 

to  the  radio  frequency.  Chapter  II  will  discuss  a  theory  which  has  been 

found  to  agree  with  measurements  of  a -(sea),  and  which  includes  terms 

o 

for  the  polarization  dependence  of  the  sea  echo. 

C .  APPROACH 

The  author  lias  had  the  privilege  of:being  the'  first  tOf  use  the 
world's  largest  HF  receiving  antenna  (to  be  described  later),,  with  which 
backscatter  from  the  sea  has  been  recorded.  Because  of  the  high,  azimuthal 
resolution  afforded  by  this  antenna,  greater  detail  and  clarity  in  back¬ 
scatter  data  can  now  be  realized  than  were  previously  possible.  It  has 
therefore  become  of  major  interest  to  determine  whether  the  state  of  the 
sea  can  be  estimated  by  studying  -its  backscatter  characteristics  through 
use  of  the  large  antenna.  Such  information  would  provide  distant  warning 
of  storm  activity  at  sea;  or  one  might  also  be-  able  to  locate  areas  of 
unusual  calm.  In  this  regard,  current  effort  is  directed  toward  the 
measurement  of  the  sea's  backscattering  cross  section  per  unit  (area  and 
its  polarization  dependence  at  HF.  Future  work  should  include  the  study 
of  -the  sea's  second-rorder  doppler  backscatter,  which  ;(on-  the  basis  of 
previous  research)  should  yield  a  more  sensitive  indicator  of  sea  stats. 

A- second  topic  of  great  scientific,  interest  has  been  the  study  , of  the 
general  differences  between  land  and  sea  backscatter  that  are  revealed  by 
higH.-azimuthal  resolution. 

During  the -course  of  these  studies ,  a  new  type <of  mpdulation  on  the 
sea  backscatter  echoes  was  discovered.  This,  modulation  was  found  to  be 
unique  to  backscatter  from  the  sea,  and  appears  only  when  a  tvery  large 
sounding  'antenna  is  utilized.  The  appearance  of  this  modulation  initiated 
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a  thorough  study  X  its  source,  which  is  shown  to  be  the  rotation  of  the 
polarization  of  received  baekscattorod  radio  waves. 

The  present  report  will  proceed  first  to  establish  a  reasonable- 
model  for  the  sea’s  backscatter.ing  cross,  section  per  unit  area  at  HR. 
Next  the  experimental  equipment,  system  parameters,  and  antennas  used 
to  verify  this  model  will  be  described;  after  which,  data  will  be  shown 
which  display  the  new  typo  of  modulation.  A  fairly  rigorous  theory  will 
be  set  down  to  explain  the  way  in  which  polarization  rotation  can  cause 
the  modulation,  and  an  approximate  computer  raytracing  method  will  be 
used  to  synthesize  the  effect  on> model  backscatter  data.  The  last 
chapter  of  the  report  will  give  conclusive  experimental  proof  that 
the  newly  observed  modulation  is  caused  by  polarization -rotation,. 


II.  A  MODEL  FOR  SEA  BACKSCATTER 


-It  was  noted  in  Chapter  I  that  not  enough  experimental  measurement 
of  IIF  cfo(sea)  characteristics  has  been  made.  Most  notably,  the  polar¬ 
ization  dependence  of  sea  backscatter  has  not  been  measured  to  good  ac¬ 
curacy.  Fortunately.,  a  very  good  mathematical  model  for  the  sea  has 
been  derived  by  others.  It  is  now  intended  to  review  this  theory  in 
order  to  supplement  our  experimental  knowledge.  A  model  for  sea  back¬ 
scatter  will  then  be  summarized. 

A.  BACKGROUND 

1.  The  "Resonant"  Character  of  Sea  Backscatter 

Early  attempts  to  derive  a  theory  for  sea  backscatter,  such 
as  Hoffman's  [Ref.,  30,  1955],  were  helpful,  but  did  not  solve  the  prob¬ 
lem  in  general.  In  ^particular,  it  became  known — first  by  Crombie 
['Ref.  22] — that  the  sea’s  backscatter-cloppler  spectrum  contained  well- 
defined  frequency  cpmponents  whose  values  were  dependent  upon  the  radio 
frequency.  Crombie  said  that  any  wind-driven  sea  would  manifest  a 
continuous  spectrum  of  sea  wave  lengths,  L-(up  to  a  maximum) — each  of 
which  would  travel  at  a  different  velocity  (see  below  and  Kinsman ’s 
excellent  book  [Ref.  31]  for  details  on  this).  Therefore,  Crombie  pos¬ 
tulated  that  the  sea  acted  as  a  diffraction  grating,  whereby  the  waves 
spaced  by  multiples  of  half  the  radio  wavelength  \  (i.e.  L  =  n  \/2 , 

where  n  =  1,  2,  3,,  . . did  most  of  the  scattering,  and  hence  determined 
the  value;  of  the  discrete  doppler  shifts  induced  onto  the  sea  echoes. 
Physically,  this  meant  that  the  backscatter  from  adjacent  waves  would 
add  up,  in  phase,  whereas  that  from  waves  with  other  periods  would  not. 


Mathematically ,  Crombie  observed  the  following:  the  velocity,  -v,  of  a 
sea  gravity  wave  whose  crests  are  spaced  by  L  meters  is  given  by 


where  g  is  the  gravitational  acceleration.  Then  the  doppler  shift 
(frequency  shift)  6f  produced  by,  such  a  sea  wave  on  a  radio  wave  of 
waveleng.th  X  which*  is  reflected  by  this  wave  is  ;given  by 


where  L  =  nX/2,  n  =  1,  2,  3,  and;  the  (+)  sign  denotes  waves 

traveling  toward  the  sounder,,  and'  (-)  away.  Crombie's  data  agreed 
well  with  this  theory.  The  strongest  component  in  the  backscatter 
(by  far)  was  that  for  n  =  1 =(or  L  =  X/2),  which  will  be  denoted  "first- 
order  scattering."  Data  taken*  by  other  investigators  agree  with1  this, 
but  as  mentioned  above,  the  scatter  for  n  =  2,  3,  ...  is  also  being 
seen.  It  is  hoped  to  correlate  the  amplitude  of  these  "second-order’ 
doppler  shifts  with  storm  areas. 


*  The  equation  for  6f  must  be  modified  by  obliquity  factors  when  a 
bistatic  sounder  is  used,  and  when  elevation  angles  are  not  low.  This 
•correction  amounts  to  calculating  the  effective  sea  wavelength,  L,  viewed 
by  the  sounder;  but  this  operation  is  straightforward  and  consistent 
•with  the  above  mechanism. 
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2. 


The  Ocean-Wave  Energy  Spectrum 


The  sketch  in  Fig.  2+  is  included  to  help  visualize  Crombie's 
observation  of  the  "rcson..  t"  character  oi  sea  gravity  waves  when  they 
backscatter.  Hero,  the  approximate  behavior  of  the  sea's  energy  (pro¬ 
portional  to  the  square  of  the  wave  height)  is  plotted  as  a  function 
of  the  inverse  sea  wavelength  (l/L),  assuming  various  wind  speeds.  The 
region  of  l/L  which  satisfies  L  =  V2  over  the  HF  band  ( "first-order 
scattering")  is  shown.  The  energy  spectrum  shown  in  Fig.  2  assumes  that 
for  a  given  curve,  its  corresponding  wind  speed  has  been  sustained  for 
a  long  enough  ;period  of  time  and  has  blown'  over  a  sufficiently  large 
area  (the  "fotch") ,  to  achieve  stable  conditions.  The  spectrum  is  some¬ 
what  idealized  in  this  regard,,  since  it  assumes  that  largo  sea  wave 
"swells"  are  not  present  except  at  extremely  strong  wind  speeds.  In 
fact,  however,  storms  at  sea  can  generate  those  large  "swell"  wave 
trains  while?*  can  propagate  for  hundreds  of  miles  into  an  area  which 
would  otherwise  be  cairn.  One  must  then  add'  the  energy  in  the  swells  to 
the  appropriate  curve  in  Fig.  2,  at  the  correct  inverse  wavelength  of 
the  swell.  Backscatter  effects  duo  to  the  presence  of  high-energy 
swells  appear  not  to  be  common;  but  Muldrew  [Ref.  32]  believes  that  he 
recorded  backscatter  from  such  swells  in  the  Atlantic  Ocean,  and  Chapter 
IV  discusses  this  further.  For  the  present  we  may  disregard-  their 
effect  entirely. 

Therefore,,  referring  again  to  Rig.  2,  we  note  that  for  wind  speeds 
greater  than  about  10  to  15  knots,  the  wave  heights  which  contribute  to 
the  first-order  HF  scattering  (i.  =  X/2)  increase  very  slowly.  When  this 


*  This  sketch  is  very  similar  to  one  shown  by  Wetzel  (Nav.al  Research 
Lab.,  Washington,  D.C.)  in  an  unpublished  paper  entitled  "HF  Sea  Scatter 
and  Ocean  Wave  Spectra".  The  author  of  the  present  report  benefited 
greatly  by  reading  this  work  and  discussing  it  with  its.  author. 
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Energy  spectrum  of  sea  waves, 


It  is  then 


condition  is  reached,  the  sea  is  said  to  bo  "saturated." 
clear  from'  this  model  that  for  winds  greater  than  15  knots  the  L  =  JX/2 
waves  will  present  a  nearly  constant  surface  to  the  incident  radio 
waves  which-  backscatter  from  them.  This  will  usually  not  be  true  for 
the  L  =  X,  3X/2,  2\,  . . .  waves,  however,  so  that  for  the  higher  wind 
speeds  the  "second-order"  doppler  components  in  the  sea  echoes  can  in- 
crease--which  is  observed  experimentally. 

It  is  also  known  that  the  spectrum  of  a  given  patch  of  wind-driven 
sea  is  directional..  Its  energy  is  maximum  in  the  direction  the  wind 
blows,  and  zero  in  the  opposite  direction.  To  first  order  this  direct¬ 
ionality  can  bo  modeled  by  multiplying  the  energy  spectrum  by  a  direct¬ 
ionality  factor  such  as  cos~j3  for  |p|  ^  tt/2  ,  where  (3  is  the  angle  be¬ 
tween  the  direction  of  wind  propagation  and  the  direction  of  interest, 
ar.d  the  energy  is  zero  for  all  other  (3.  (See  Ref.  31  for  more  details). 
It  will  usually  bo  true,  however,  that  an  average  patch  of  ocean  will 
contain  waves  coming  from  many  different  directions,  so  that  a  direction 
al  spectrum  would  be  difficult  to  measure,  especially  .when  the  wave  comr 
ponents  have  reached  saturation., 

13.  THE  GENERAL  THEORY  FOR  SEA  BACKSCATTER 

In  view  of  the  discussion  above,  the  consideration  of  how  the  sea 
scatters  radio  waves  at  HF  is  greatly  simplified.  Specifically,  the  sea 
exhibits  a  "resonance"  characteristic,  whereby  the  wavelengths  L  =  X/2 
are  usually  found  to  produce  most  of  the  scattering.  This  is  consistent 
with  the  mechanics  of  ocean  waves,  and  one  may  conclude  that  for  IIF 
backscatter ing  the  sea  surface  roughness  does  not.  appear  to  be  random, 
but  rather,  ft  is  smooth  and  periodic. 

In  1965,  Wetzel  (private  communication)  used  the  "Kirchoff  approxi¬ 
mation"  in  rough-surface  scatter  theory,  and  with  the  Neuman  spectrum 


he  showed  that  the  yea  should  scatter  primarily  at  the  predicted  \/Z  wave 

.  -3. 

spacings ,:  with  an  average  cross  section  per  unit  area,  oo  ,  of  3(10  )  at 

saturation,  aiong  or  opposite  to  the  wind's  direction.  This  value  changes 
little  over  the  HF  band.  He  showed  that  when  the  radio  waves  illuminated 
the  sea  wave  train  in  the  direction  of  the  latter's  energy  propagation, 
the  doppler  was  minus-.  Likewise  when  viewing  the  waves  "head  on,"  the 
doppler  is  plus.  All  this  agrees  with  experiment  and  intuition;  but  this 
approach  does  not  account  for  the  polarization  dependence  of  the  sea  back- 
scatter  (although  Wetzel  thought  that  there  should  be  such  a  dependence). 

A  theory  utilizing  the  "Rayleigh-Rice  perturbation  method"  has 
been  developed,  however,  which  does  yield  the  polarization  dependence  of 
the  sea  backscattering  cross  section  perunit  area.  There  is  a  long  and 
detailed  history  underlying  this  approach,  and  many  have  used  it.  The 
author  is  inclined  to  employ  the  results  of  Barrick  and  Peake  [Refs.  33, 
34],  who  seem  to  have  used  the  theory  a  great  deal.  The  theory  is  valid 
for  small  roughness  scales  relative  to  a  radio,  wavelength.  By  examining 
the  wave  height  (energy)  spectrum  for  a  saturated  sea,  one  can  show 
that  for  backscatter  at  HF  from  gravity  waves  and  at  microwave  fre¬ 
quencies  from  capillary  waves,  it  is  true  that  this  roughness  criterion 
is  usually  satisfied.  (Barrick-,  private  communication.) 

After  some  inspection,  it  is  seen  that  Barrick  and  Peake’s  results 
are  almost  equivalent  to  Wetzel’s,  when  one  multiplies  the  latter  by  a 


function  which  accounts  for  polarization  dependence.  From  Ref.  34,  this 

function  is  sin  'H<Xn  |2,  where  ^  is  the  angle  of  elevation,  and  ol,  is 

6  -  2  e 
given  in  the  paper  referred  to.  For  a  perfect  conductor,  |»  |  is  equal 

2  2  4 

to  (l  +  cos  -i|i r)  /sin  for  vertically  polarized  incident  waves,.,  and  1.0  for 

i  1 2 

horizontally -polarized  waves.  Thus  the  ratio  pf  [<*-  |  for  vertical  over 

-  Tjs 

horizontal  polarization  becomes  very  large  at  lower  elevation  angles. 

Using  realistic  values,  for  sea  conductivity  (4  mhos/m)  and  relative 
dielectric  constant  (80 ) ,  the  relative  polarization  dependence, 
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°v  (vortical  polarization'/c^  (horizontal  polarization),  is  plotted  in 

Fig.  3  using  Barrick  and  Peake's  equations  for  ol.  .  According  to  this 

''e 

theory,  it  is  clear  that  for  elevation  angles  normally  encountered  in 
HF  backscatter  ( ty  ^  30  deg),  the  sea  should  represent  an  almost  verti¬ 
cally-polarized  reflector. 


C.  VERIFICATION  OF  THE  THEORY 

It  should  bo  noted  that  the  theoretical  work  just  described  neglects 

the  effect  of  shadowing  by  adjacent  waves,  which  appears  difficult  to 

take  into  account.  Also.,  the  development  is  strictly  valid  only  for 

wave  heights  «  radio  wavelengths.  A  first-order  verification  of  the 

theory  has  been  published  by  Munk  and  Nierinborg  [Ref.  35],  however, 

in  which  they  used  Barrick  and  Peake's  results  to  show  that  for  a  sat- 

-3 

ura tod=  sea,  Oq  %  5(10)  ‘  at  low  elevation  angles.  Munk.  and  Nierinborg 

used  the  "Philips  saturation  spectrum"  to  get  this  value,  but  note  that 

-3 

it  also  agrees  with  Wetzel's  prediction,  3(10)  using  the  "Neuman 
spectrum".  Both  these  values  agree  roughly  with  experimental  measure¬ 
ments  of  ^(sca)  [Ref.  2l]. 

It  also  appears  that  the  results  in  Fig.  3  agi’ee  with  the  small 
amount  of  experimental  evidence  that  the  sea.  as  a  reflector  of  ,HF  radio 
waves  is  primarily  vertically  polarized.  However,  probably  the  best  veri¬ 
fication  of  the  theory's  prediction  of  the  cr0(sea)  polarization  dependence 
has  come  from  its  application  to  backscatter  measurements  at  microwave  fre¬ 
quencies.  The  history  of  such  measurements  dates  hack  to  World  War  II, 
when  radar  sea  "clutter"  became  a  nuisance.  The  most  up-to-date  com¬ 
parison  between  theory  and  experimental  sea  backscatter  at  these  fre¬ 
quencies  was  given  by  Guinard  and  Daley  [Ref.  36],  For  our  present 
purpose  it  will  be  sufficient  to  note  the  results  given  by  Wright 
[kefs.  37,  38],  who  generated  water  waves  in  a  wave  tank  with  wave 


*  i »uvp%/y  v r  ■#«*  -wniaw wj  a^m^ww^jw v.u  'WIJWCTO  wu J,JM' W V  W»»p  'li'i i^i J ■i 


Figure  3.  Theoretical  sea  cross-section  magnitude  gain  for  vertical 
over  horizontal  polarization,  after  Barrick  [Ref.  34). 
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heights  equal  to  about  0,01  the  radio  wavelength. 

Barrick  and  Peake  [Refs.  33,  34]  compare  the  theory  to  Wright's 

* 

experimental  data  (as  does  Wright  himself),  and  very  good  agreement  is 
shown.  It  is  clear,  therefore,  that  at  HP,  the  backscatter  from  sea 
waves  only  a  few  foot  high  wili  correspond  with  Wright's  "model"  measure¬ 
ments,  hence  with  the  theory.  Barrick  (private  communication)  says  that 
the  theory  should  hold  for  wave  heights  up  to  about  6.1  times  the  radio 
wavelength.  Somewhere  beyond  this  limit  wo  should  undoubtedly  observe 
the  ratio  /a^  to  decrease. 

D.  THE  MODEL  FOR  aQ( sea) 

When  a  large  sca-backscatter  area  is  observed,  it  will  often  bo 
true  that  more  than  one  sea  state  will  be  present.  Using  superposition 
(incoherently),  the  power  returned  from  each  sea  state  is  added,  and  it  * 

will  therefore  be  more,  difficult  to  measure  a  directional  spectrum  for 
the  sea-wave  energy.  Because  of  the  saturation  principal,  however,  one  4 

expects  to  find  little  difference  in  the  backscatter  between  single  and 
multiple  sea-state  patches,  so  that  the  theory  for  the  homogeneous  sea 
still  applies  (Wetzel,  private  communication)'.  It  would  appear,  there¬ 
fore,  that  the  amplitude  of  sea  backscatter  should  be  very  continuous — ■' 
varying  little,  or  slowly,  from  point  to  point.  This  circumstance  will 
be  contrasted  with  the  irregular  behavior  of  land  scatterers. 

The  perturbation  theory  appears  to  account  very  well  for  the  magni¬ 
tude  and  polarization  dependence  of  backscatter  from  water  waves  at 
microwave  frequencies.  The  conditions  for  applying  the  theory  at  HP  are 
satisfied,  and  there  is  no  good  reason  to  suspect  that  it  should  not 
work.  Within  an  order  of  magnitude  or  so,  the  theory  appears  to  explain 
results  already  obtained  at  HF,  but  more  experimental  data  must  bo  taken 
i  verify  the  magnitude  and  polarization  dependence  of  HP  sea  backscatter.  „ 


» 
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I.t  is  clear,  however,  that  a  most  reasonable  (first-order)  conclusion  is- 

that  the  sea  's  backscattering  cross  section  per  unit  area ,  a0  ,  is  pri- 

-3 

marily  vertically  polarized ,  with  a  value  of  about  5( 10)  at  elevation 
angles  normally  encountered  at  HF. 

The  consideration  of  the  sea's  doppler  spectrum  and  its  relation 
to  sea  state  is  a  separate  topic,  not  directly  related  to  this  work. 
However,  if  the  second-order  backscatter  (L  =  X ,  3X/2)  does  become 
appreciable  in.  storm-generated  seas,  the  waves  which  are  responsible  for 
that  scatter  will  be  large,  hence  will  manifest  a  different  oq  polar¬ 
ization  dependence  than  for  the  first-order  (L  =  X/2)  backscatter.  This 
circumstance  might  alter  the  character  of  the  "polarization  modulation" 
on  sea  backscatter  to  be  described  below,  which  in  turn  would  aid  in 
storm  detection  using  the  HF  backscatter.  The  detection  Of  such  a 
change  would  be  facilitated:  if  the  first-order  doppler  returns  could  be 
filtered  put,  and  the  ionosphericallyrinduced  doppler  shifts  [jtefs.  39, 
40]  accounted  fori. 

In  the  remaining  chapters  of  this  study,  the  first-order-scattering 
polarization,  characteristics  of  Oq  will  be  used:  in  understanding  the  way 
in  which  polarization  rotation  causes  the  amplitude  of  sea  backscatter 
to' fluctuate  with  time  delay,  frequency,  and  azimuth. 
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Ill;  EXPERIMENTAL  FACILITIES  AND  ANTENNA  CHARACTERISTICS 


In  this  chapter,  the  equipment,  sounding  waveforms,  and  antennas 
used,  in  the  backscatter  work  will  be  discussed,  and  mathematics  will  be 
presented  to  model  the  system  sufficiently  well  to  understand  the  experi¬ 
mental  data.  A  map  of  the  field  sites  is  shown  in  Fig.  4.  The  receiving 
site  is  located  near  Los  Banos,  California  (Lat.  37°  9'  39.  o”  N,  Long. 

120°  57'  9.5"  W),  and  the  backscatter  transmitter  is  located  at  Lost 
Hills,  California  (Lat.  35°  41'  54.6”  N,  Long.  119°  57'  4,7"  W).  An  ad¬ 
ditional  transmitter  is  located  near ‘Bearden,  Arkansas  (Lat,  33°  44’ 

33. 0"  N,  Long.  92°  37'  38.0"  W),  which  provides  oblique  soundings  of  the 
ionosphere  to  the  receiving  site. 

In  the  first  section  of  the  chapter,  the  equipment  and  sounding 
method  will  be  described,  while  the  antennas  will  be  discussed  separately 
in  later  sections.  The  purpose  here  is  not  to  repeat  work  that  has  al-. 
ready  been  published;  the  reader  will  be  referred  to  the  many  papers  and 
/reports  written  on  the  subjects. 

A.  THE  SFCW  SOUNDING  METHOD 
1 .  History 

All  of  the  experimental  data  on  sea  backscatter  were  taken  us^- 
ing  the  "Sweep -Frequency -Continuous-Wave"  (SFCW)  sounding  method.  The 
technique  is  not  new.  It  has  been,  described  under  various  titles  such  as 
"FMCW"  and  "chirp,"  and  is  discussed  in  most  radar,  texts  (see  Ref.  41  for 
example). 
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a .  HF  Oblique  Sounding 

For  application,  to  HF  sounding.,  the  SFCW  method  was  do- 
vised  comparatively  recently  by  R.  B.  Fenwick  and  G.  II..  Barry  [Ref.  423, 
while  working  at  Stanford.  It  has  been  used  with  great  success  in  both 
oblique  and  backseat  tor  sounding  research.  Fenwick  and  Barry  [lief.  43j 
first  described  its  use  -in  oblique  sounding.  Later,  Epstein  [Refs.  44, 

45]  used  it  in  oblique  soundings,  with  which  he  measured  the  effects  of 
Faraday  rotation  with  frequency.  Sweeney  [kefs.  46,  47]  has  described 
It's  utility  in  conjunction  with  mode-resolved  reception  of  ionospheric 
signals  on  a  wide  aperture  receiving  array  (to  be  described  below).  Fen¬ 
wick  and  Lomasney  Lllef .  48]  used  the  SFCW  waveform  in  vertical  incidence 
soundings  of  the  ionosphere. 

b.  I  IF  Backseat ter  Sounding 

The  use  of  the  SFCW  waveform  in  backseat  ter  studies  is  rela¬ 
tively  new,  and  very  little  has  been  -published  on  this  application.  The 
method  is,  however,  identical  to  the  one-way  oblique  ionospheric  studies 
(just  described),  except  that  a  sometimes  more  -directive  transmitting 
antenna  and  more  transmitter  power  are  usually  used  in  the  backscattcr 
work.  The  reason  for  this  is  that  backscattcr  energy  is  usually  attenu¬ 
ated  by  40  dB  or  more,  as  compared  to  energy  propagated  over  the  corre¬ 
sponding  one-way  path  at  the  backscatter  range.  T.  W.  Washburn  was  the 
first  to  use  the  Stanford  backscatter  sounding  system,  and  a  preliminary 
analysis  of  his  data  was  giveir  at  the  1968  Fall  URSI  meeting  [Ref.  49], 

In  1967,  Croft  extended  his  computer  raytracing  techniques  (to  be  dis¬ 
cussed  later)  to  the  interpretation  of  certain  portions  of  Washburn's  data, 
which  established  the  presence  of  traveling  ionospheric  irregularities 
[Ref.  50].  A  more  recent  example  of  an  interpretation  of  earth  back¬ 
scatter  SFCW  data  was  given  by  Cruxt  and  Washburn  [Ref.  51  ].  Refei’ence  18 
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will  contain  a  complete  summary  of  the  work  done  using  the  Stanford  SFCW 
system  as  applied  to  the  backscatter  from  the  land — rather  than  from  the 
sea.  The  work  on  sea  backscatter,  described  herein,  has  not  yet  reached 
the  open  literature. 

2.  General  Description  of  the  System 

The  SFCW  sounding  method  is  r  aomplished  by  transmitting  and 
simultaneously  receiving  (after  a  propagation  delay  on  the  order  of  sev¬ 
eral  milliseconds)  a  CW  carrier,  whose  frequency  is  swept  linearly  with 
time  between  two  preset  frequencies  [Ref.  42  J.  The  rate  of  the  sweep  may 
vary  (in  preset  values)  between  less  than  1  kHz/see  to  as  much  as 
10  MHz/scc,  depending  upon  the  equipment  in  use..  The  author  used  rates  of 
250  and  500  kHz/sec,  which  proved  best  for  data  reproduction.  Photo¬ 
graphs  of  the  equipment  used1  at  the  transmitter  and  receiver  are  shown  in 
Figs.  5  and  6,  respectively.  A  simplified  block  diagram  describing  the 
essence  of  the  backscatter  system  is  shown  in  Fig.  7.*  The  elements  in 
this  figure  are  very  similar  to  those  used  before  [Ref.  42,  43,  48].  The 
reader  is  referred  to  Ref  .  43:  for  a  description  of  the  SFCW  waveform  generator . 

The  transmitter  used  at  Lost  Hills  consists  of  three  10  UW  auto¬ 
matically  tracking  units.  When  either  of  the  large  transmitting  -arrays 
is  used  (not  described  herein)  all  three  transmitters  are  connected.  When 
the  crossed-LPA  system  is  used,  the  output  of  a  single  transmitter  is  split, 
and  5  kW  is  fed  into  the'  feedline  going:  to  each  antenna.  The  receiver 
at  Los  Banos  is  a  Hallicraf ters  Manson  (shown  within  the  dotter  area  in 
Fig.  7),  which  is  pretuned  to  18  MHz.  The  instantaneous  frequency  fj.  of 
the  SFCW  generator  at  the  receiver  is  therefore  exactly  18  MHz  higher  than 


*  The  equipment  used  for  oblique  sounding  over  the  Los  Bahos/Beardcn  path 
(see  Fig.  4)  is  exactly  the  same  as,  that  shown  in  Fig.  7,  except  that 
the  transmitter  is  lower-power  and  wideband.  Furthermore,  a  crystal 
rather  than  a  cesium-beam  standard  is  used  at  Bearden. 
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Figure  7.  Block  diagram  of  Stanford  SFCW  sounding  system. 


that  at  the  transmitter  site.  This  signal,  when  mixed  with  the  transmit¬ 
ted  (backscattered)  signal  yields  a  difference  frequency  which  is  very 
near  to  18  MHz,  but  differs  by  an  amount  proportional  to  the  propagation 
time  delay,f  which  will  be  discussed  below.  The  receiver  has  a  synthesized 
local  oscillator,  which  is  tuned  to  18  MHz  plus  the  intermediate  fre¬ 
quency  (IF)  (125  kHz);  the  bandwidth  of  the  IF  section  is  set  to  6  kHz. 
Finally,  a  synthesized  BFO  is  set  to  exactly  122  kHz  and  mixed  with  rhe 
IF  output  in  an  external  mixer.  The  output  of  this  last  mixer  contains 
all  the  information  one  needs  to  deduce  the  time  delay  and  amplitude  of 
backscatter  components. 

The  SFCW  system  jUst  described  differs  from  others  in  only  one 
major  aspect.  Namely,  both  time  and  frequency  are  controlled  with  ex¬ 
treme  accuracy^  This  is  accomplished  through  the  accuracy  of  the  primary 
cesium-beam  standards,  which  are  periodically  calibrated  against  one  an¬ 
other.  All  frequencies  used  in  the  system  are  synthesized  [using  Hewlett- 
Packard'  (HP)  model  5100A/5110A  synthesizers],,  and  their  frequencies  pos¬ 
sess  the  accuracy  of  the  cesium-beam  standard.  This,  accuracy'  is  1  x  10 
which  is  equivalent  to-aii-  accumulated  time  inaccuracy  of  less  than 
±1  psec/day  since  calibration.  This  accuracy  is  mainly  important  in  en¬ 
suring  that  the  frequencies  in  use  will  be  extremely  stable  with  the  pas¬ 
sage;  of  time --from  minute  to  minute  and  from  day  to  day,  etc.  As  an  addi-. 
tional  benefit,  the  backscatter  time  delays  may  be  measured  to  extremely 
good  accuracy.  This  accuracy  is,  in  fact,  much  better  than  is  usually 
needed,  because  for  most  measurements  neither  the  ground  range  to  the 
backscatter  area,  nor  the  height  of  the  ionosphere  rre  known,  so  that 
neither  angle- of- elevation  nor  actual  range  calibration  is  made. 

3.  Processing  the /Receiver  Output 

The  signal  output  from  the  receiver  in  Fig.  7  will  be  repre¬ 
sented  by  the  variable  A(t),  where  t  is  real  time.  To  obtain  the 
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backscacter  information,  A(t)  is  Fourier  analyzed,  so  that  it  is  neces¬ 
sary  first  to  understand  how  the  frequency  spectrum  of  A(t)  will  behave. 


a.  The  Frequency  Spectrum 

Suppose  that  the  frequency  swoops  at  the  transmitter  and 
rcceivor  begin  at  exactly  the  same  time  (as  controlled  by  the  cesium-beam 
frequency/ time  standards).  Figure  8  compares  the  behavior  of  the  fre¬ 
quency  at  the  transmitter  (f , )  to  its  value  at  the  receiver  (f  )  as  a 

r 

function  of  time;  the  difference  between  these  two  frequencies  is  de¬ 
noted  Af.  It  is  clear  that  f  will  always  be  less  than  f  ,  and  that 

1  t 

Af  will  increase  for  larger  round-trip  propagation  times,  T.  Since 
f|.  =  f +  18.0  MHz,  the  output  of  the  first  mixer,  which  is  fed  Into  the 
receiver  front  end.  is  equal  to  (ffc  +  18.0  MHz  -  f r ) ,  which  equals 
(18.0  -  Af )  MHz.  The  signal  with  the.  latter  frequency  is  then  amplified 
and  .passed  through  more  mixing  stages,  until  it  reaches  the  final 
intermediate-frequency  (IF)  amplifier  whose  frequency  is  125  kHz. 

The  last  IF  output  is  mixed  with  the  BFO  frequency  of 
122  kHz.  The  output  signal-  then  contains  the  backscatter  signal  infor¬ 
mation  which,  will  pass  through  the  6  kHz  IF  bandwidth.  It  is  found  exr 

perimentally  that  the  frequency  of  the  output  signal,  f  ,  is  equal  to 

s 

3  kHz  -  Af.  Thus  if  AT  exceeds  3  kHz  an  ambiguity  in  f  exists,  since 
negative  frequencies  then  appear  to  be  positive.  If  the  BFO  were  set  to 
any  lower  fx’cqucncy,  however,  the  amplitude  of  signals  with  frequencies 
such  that  -f  ■=  0  would  be  attenuated,  since  they  would  lie  outside  the 
passband  of  the  last  IF  (which  is  ±3  kHz).  Thus  the  limit  on  Af  is 
3  kHz. 

In  order  to  allow  for  greater  values  of  Af,  the  start 
!  into  of  the  receiver  SFCW  generator  is  delayed  by  an  amount  AT, 

This  is  done  simply  by  adjusting  thumb-knobs  on  the  cesium- oeam  standard 


T 

Af  (t) 

in  ns  low  as  1  p,sec  steps.  Given  that  we  know  the  sweep  rate,  £  =  K 
(kHz/soc),  the  equivalent  change  in  Af  is  equal  to  KAT.  Thus,  allowing 
tor  the  transmitter  and  receiver  to  begin  sweeping  at  different  times, 

£  =  (3+  KAT)  t  Af  kHz  .  (l) 

s 

A  ( t )  is  then  Fourier- analyzed  m  an  electronic  spectrum  analyzer  (the 
Federal  Scientif  ic  model  -UA-7),  which  produces  the  signal  spectrum  s(f  )  .. 

b •  Interpreting  the  Spectrum 

For  applications  described  herein,  it  is  not.  necessary-  to 

preserve  the  phase  of  S(f  ).  The  result  of  this  analysis  is  that  the 

s 

backscatter  amplitude  is  proportional  to  the  magnitude  of  S(f  ).,  while 
the  time  delay  t  is  proportional  to  Af.  From  the  many  references  on 
the  SFCW  technique,  t  =  Af/f  =  Af/K.  From  the  spectrum,  analysis,  we 
get  finally: 

3  "  * 

T  =  [(3  +  KAT)  r  f  ]/K  =  - +  AT  (2) 

S  ft 

where  frequencies  are  in  kHz,  and  K  has  dimensions  of  kHz/sec.  For 
sweep  rate  K  =  250  kHz/sec,  the  quantity  dt/df^  has  the  value  of 
l/K  =  4  msec/kHz,  and  for  K  =  500  kllz/sec,  the  value  is  2  msec/kHz .- 

The  backscatter  records  are  thus  a  plot  of  spectrum  fre¬ 
quency  versus  time,  with  amplitude  as  a  third' dimension  which  is  displayed 
on  a  pho tograplric  grey  scale  with  a  dynamic  range  of  10  to  15  dB.  The 
records  are  calibrated  as  a  group  time  delay  T,  vs  frequency  f,  accordr 
ing  to  f  a- 'f  .  The  latter  is  obtained  from  the  property  that 

f  =  -f (-starting)  +  K(c  -  t  )  ,  where  t  is  the.  time  at  which  a  sweep 
t  o  o 

begins. 
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c. 


The  -Equivalent-  Pulse  Length ,  At 


The  equivalent  pulse  length  which  results  from  the  spec¬ 
trum  analysis  is  the  last  remaining  item  of  the  SFCW  technique  which 
need  be  discussed.  It  has  been  customary  to  define  the  pulse  length 
(or  time-delay  resolution)  At  as  the  inverse  of  the  frequency  bandwidth 
over  which  the  baekscattcr  is  integrated.  Conversely,  a  pulse  of  length 
At  will  have  a  frequency  spectrum  approximately  i/ai  wide,  so  that  if  a 
broad  enough  receiver  bandwidth  is  used,  the  minimum  resolution  in  time 
delay,  At,  -will  be  realized.  The  receiver  IF  bandwidth  of  the  SFCW 
technique  is  made  purposely  narrow  (6  kHz  in  the  present  application) 
in  order  to  improve  the  signal-to-noise  ratio.  Since  the  frequency  of 
the  sounder  is  always  increasing,  however,  the  equivalent  bandwidth  of 
a  received  pulse  is  simply  proportional  to  how  long  an  integration  takes 
in  this  spectrum  analysis  process.  The  integration  time  is  therefore 
inversely  proportional  to  the  equivalent  receiver  signal  bandwidth.  For 
the  data  presented  herein,  all  of  the  spectrum  analysis  was  performed 
oti  the  electronic  analyzer,  which  produces  500  discrete  outputs  which 
appear  as  500  lines  across-  the  frequency  band  of  analysis.  Each  line 
represents  the  output  from  an  individual  filter  \vhose  bandwidth  is^  l/500 
of  the  total  possible  frequency  range  displayed*.  The  bandwidth  of  each 
of  these  filters  determines  the  integration  time  required  to  fill  them 
up  with  energy.  This  integration  time,  when  multiplied  by  the  sweep 
rate,  gives  the  frequency  bandwidth  over  which  the  integration  takes 
place.  The  inverse  of  the  frequency  bandwidth  is  the  equivalent  pulse 
length  or  minimum  obtainable  resolution  cell.  It  is  understood  here 
that  the  energy  from  this  pulse  is  by  no  means  fully  attenuated  outside 
this  bandwidth;  however,  the  energy  is  so  low  that  its  peak  may  be 
determined  within  the  bandwidth. 


From  the  discussion  above,  tho  following  expression  may 
bo  used  to  calculate  the  equivalent  pulse  length,  At: 


At 


tf  1 
500  K 


(3) 


where  ’.V  -  spectrum-analyzer  bandwidth.  In  the  experiments  it  was  always 
■true  that  AT  was  small  enough  so  that  resolutions  were  limited  by  the 
ionosphere  through,  dispersion  and  magnetoionic  splitting  [lief.  45],  or 
at  least  tho  observed  changes  in  amplitude  with  time  delay  occurred  over 
several  pulse  lengths.  Therefore,  it  will  really  not  be  important  to 
Consider  the  effects  of  pulse  length  any  further. 


B.  W1DE-APERTURE  RECEIVING  ARRAY 

The  most  important  factor  determining  the  feasibility  and  success 
of  the  work  described  in  this  report  was  the  use  of  an-  extremely  wider 
aperture  receiving  array.  The  design1  and  construction  of  this  array  was 
supervised  by  L.  E. -Sweeney,  Jr.,,  and  has  already  been  described  in  gi'eat 
detail  [Refs.  46,  47,  ,52].  *  brief  description  will  be  given  here,,  so 

that  its  charac  eristics  may  be  understood- well  enough  for  application 
to  the-  backscatter  soundings . 

1.  General  Characteristics 

Th.;  antenna  is  a  bidirectional'  broadside  array  of  256  vertical 
monopoles,  spaced  50  meters  apart;  the  over-all  array  length  is  2.55  km. 
The  array  axis  runs  due  north  and  south,  so  that  its  boresight  reception 
is  true  oast  and  west.  Figure  9  is  a  photograph  taken,  from  the  south 
end  of  the  array.  The  Irerrain  is  relatively  smooth  and  continuous,,  and 
tho  radiation  vertical  screening  angle  duo  to  local  foothills  is  on  the 
order  of  2  dog  to  the  west  and  0  deg  to  the  east.  The  vertical  monopoles 
are  18  ft  high,  and  are  fed  with  52  ohm  coaxial  cable,  which  is  grounded 


* 


Figure  9.  Wide-aperture  receiving  array  at  Los  Banos,  California. 
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by  means  of  a  strip  of  ground  screen  72  ft  wide  running  the  length  of 
the  array.  No  attempt  was  made  to  match  the  impedance  of  the  elements 
to  the  feed  cables,,  which  means  that  the  absolute  gain  of  the  array 
should  be  a  marked  function  of  frequency.  Quito  to  the  contrary,  how¬ 
ever,  no  prohibitively  deep  nulls  in  the  array  gain  appear  in  its  direc¬ 
tion  of  maximum  "fire"  (l.e.,  the  main  lobe)  as  the  radio  frequency  is 
swept.* 

The  theoretical  -3  dB  beamwidth  of  the  array  varies  from  about 
1  to  l/4  deg,  between  7  and  30  MHz,  respectively.  The  -6  dB  beamwidth 
is  38  percent  higher  than  these  values  .  Thus,  sufficiently  continuous 
azimuth  coverage  between  foresight  and  il5  3/4  deg  from  boresight  is 
achieved  by  phasing  the  elements  so  that  their  maximum  reception  occurs 
at  intervals  of  l/4  deg.  This  is  accomplished  by  switching  various  length 
of  coaxial  cable  in  series  with  255  of  the  256  elements  in  order  to  prop¬ 
erly  phase  the  elements  to  achieve  maximum  gain  in  an  off-boresight 
direction.  This  is  called  "slewing"  the  array  and  is  quite  common 
practice  [Ref.  53,  Chap.  4]. 

In  order  to  economize  on  cable  and  switches,  and  in  order  to  be 
able  to  taper  its  amplitude  distribution,  the  array  is  first  subdivided 
into  8  "subarrays",  consisting  of  32  elements  each.  A  single  feedline 
connects  each  subarray  to  the  main  equipment  trailer,  which  is  near  the 
center  of  the  array.  Low-noise,  wide-band  preamplifiers  are  placed  at 
each  end  of  these  8  cables  in  order  to  overcome  the  losses  introduced 
in  the  cables.  In  addition,  certain  amounts  of  attenuation  are  placed 
in  series  with  each  subarray  in  order  to  produce  an  amplitude  taper 
across  the  array  aperture . 


*  It  might  be  conjectured  that  the  mutual  imncuance  between  adjacent 
elements  in  the  array  causes  sufficient  coupling  to  modify  the  cur¬ 
rent  distribution--hence  improve  the  impedance  match- -of  each  monopole 
at  the  frequencies  of  non- resonance. 


Each  subarray  consists  of  a  'tree"  of  32  elements  [lief.  47], 
whereby  two  elements  are  first  paralleled,  those  two  are  paralleled  with 
the  adjacent  pair,  and  so  on,  until  16  elements  are  finally  fed  in  parallel 
with  an  adjacent  16.  Each  one  of  these  connections  forms  a  "sub- tree"  , 
which  has  its  own  slewing  network  of  matching  cables.  This  procedure 
allows  substantial  saving  in  the  amount  of  phasing  cables  and  in  the 
number  of  switches  required  for  slewing  the  array  in  1/4  deg  steps;  and  it 
reduces  the  probability  of  switch  failure  and  total  attenuation  in  the 
system.  On  the  other  hand,  the  saving  in  cable  and  switches  results  in 
a  suboptimum  element  phasing  which  increases  the  sidelobe  level  of  the 
array,  but  does  not  change  the  position  at  which  the  array's  maximum 
gain  occurs. 

According  to  Sweeney,  the  sidelobe  enhancement  is  nonexistent 
at  slews  of  0  and  ±8.0  deg  from  boresight,  and  is  relatively  insignif¬ 
icant  between  boresight  and  ±,-12.0  deg  (i.e.,  between  bearing  =  90  or 
270  ±12.0  deg). 


2.  Mathematical  Model 

The  uncertainties  in  the  element  gain  and  the  effect  of  mutual 

coupling  between  elements  of  the  array  are  of  no  consequence  in  the 

research  reported  here.  However,  the  azimuthal  dependence  of  the  antenna 

gain  is  needed  to  determine  the  equivalent  azimuthal  angle  over  which, 

if  the  gain  is  assumed  to  be  constant  at  itsmaximum,  all  of  the  received 

backseattor  power  would  enter.  It  will  be  necessary  to  knpw  that  some 

portion  of  this  equivalent  beamwidth  is  small  compared  to  a  period  of 

polarization  rotation  with  azimuth  when  range  and  frequency  are  constant. 

As  mentioned  above,  the  array  is  broken  down  into  8  subarrays, 

which  are  tapered  in  amplitude.  Thus,  the  receiving  antenna  gain  vs 

azimuth,  G^(o),  may  be  calculated  by  summing  the  electric  field  phasors 

from  each  subarray,  while  considering  each  subarray  gain  pattern,  G  (cp), 

SA 

to  be  an  element  in  the  8  element  array  [‘Kefs.  47,  53]: 


40 


2 


(4) 


i(k"l)VSA 

Gr(Cp)  =  GroGSA(^EbkC 

k=l 

where  G  is  a  constant  which  determined  the  maximum  gain  (for  a  given 
ro 

elevation  angle  and  frequency),  is  the  tapering  gain  in  the  k^1  sub¬ 
array  "element"  shown  in  Table  1,  and  YOA  is  the  phase  angle  on  each 
subarray,  given  by 

2nd 

y  =  — ~  (cos  0  -  cos  0  )  ,  (55) 

SA  A  O 


where  d  =  distance  between  centers  of  adjacent  subarrays  (320  m) , 

X  =  the  radio  wavelength, 

0  =  angle  between  main  lobe  ("line  of  fire")  and  array  axis, 
0  =  steer  angle  (slew)  of  the  array. 


Table  1 

TAPERING  GAIN  OF  THE  SUBARRAYS 


k 

\ 

Attenuation 

(dB) 

1,  8  •• 

0.35355 

9 

2,  7  . 

0.5(3233 

5 

3,  6 

0. 79434 

2' 

4  *•’ 

— 4  7 

1. 00000  : 

0 

For  low  elevation  angles,  6  is  very  nearly  equal  to  the  projected  azi¬ 
muth,  cf>,  of  the  incoming  energy.  9  is  calculated  exactly  according  to: 
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COS  0 


cos  cos  cp 


(6) 


where  y  is  the  elevation  angle. 

The  calculation  of  ^  (exactly)  is  not  very  straightforward, 
because  of  the  non-optimum  phasing  of  the  array  elements.  As  mentioned 
previously,  however,  the  sidclobe  enhancement  is  not  very  great  for  slews 
up  to  ±12  deg  from  boresight,  so  to  a  very  good  approximation  for  these 
angles,  the  well-know*'  array  factor  may  bo  used  to  describe  the  normalized 
gain  of  the  32  element  subarray  [ltefs.  47,  53]: 


where 

2  <*d 

"YT«r  =  — r~  ( cos  6  -  cos  ® ) 


(8) 


and  d  ,  =  element  spacing  ( 10  m) . 
ol 

For  slew  angles  between  ±12  1/4  and  ±15  3/4  deg,  Eq.  (7)  is  considered 
to  bo  at  least  a  moderately  good  approximation  [Ref.  47],  Figure  10 
shows  Lho  behavior  of  Gr(cp)/[Gr(max)]  as  a  function  of  azimuth  for  a  slew 
angle  of  0  deg  (boresight),  computed  at  a  frequency  of  22.35  MHz,  assuming 
that  (f  -  0  deg.  As  noted,  the  -3  dB  beamwidth  of  this  array  function  is 
0.32  deg,  and  tne  -6  dB  beamwidth  is  0,50  deg. 
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Los  Banos  array  factor  at  boresight. 


C.  THE  CROSSED-LPA  TRANSMITTING  ANTENNA. 

The  transmitting  antenna  which  proved  to  bo  most  useful  in  the 
studies  of  polarization  effects  on  backscatter  amplitude  was  the  crossed 
LPA  antenna  shown  in  Pig.  11.  The  LPA’s  wex’O  manufactured  by  Hy-Gain 
(Model  LP-1007),  cover  a  frequency  range  of  13  to  30  MHz,  and  exhibit 
negligible  mutual  coupling.  The  front-back-ratio  (F/B)  of  each  is  15  dB, 
and  the  horizontal  beamwidth  of  these  antennas  is  extremely  broad  com¬ 
pared  to  the  receiving  beam.  The  horizontal  element  is  mounted  53.5  ft 
{ 16 . 3  m)nnd  the  vertical  element,  ?o.O  ft  (23.16  m)  above  the  ground. 

As  discussed  by  Epstein  [Refs.  44,45],  the  antenna  had  already  been  used 
successfully  in  polarization  studies  of  waves  transmitted  over  one-way 
obliquely-incident  ionospheric  paths „  The  design  of  the  crossed-LPA 
system  and  a  preliminary  analysis  of  its  behavior  has  recently  been 
published  by  Lomasney  and  Barnum  [Ref .  54], 

The  antennas  are  unique  in  that:  (a)  the  transmitted  polarization 
may  be  switched  from  vertical  to  horizontal  very  quickly,  and  (b)  the 
antennas  can  be  fed  together,  but  out  of  phase,  in  order  to  produce 
elliptical  (ideally,  circular)  polarization,  which  matches  the  polariza¬ 
tion  of  one  of  the  magnetoionic  components  of  the  ionosphere  (to  be  dis¬ 
cussed  later).  When  these  antennas  are  operated  separately  (one  at  a 
time) ,  it  will  not  be  necessary  to  consider  their  absolute  gain  behavior 
(since  it  is  never  needed  in  this  case);  Moreover,  the  polarization 
characteristic  of  each  antenna  is  linear  and  well  defined,  being  very 
nearly  90  deg  removed  from  the  other  in  space  at  all  transmitting  azimuths 
and  elevation  angles  used . 

By  contrast,  when  the  antennas  are  fed  together  in  order  to  produce 
a  given  elliptical  polarization,  it  is  necessary  to  consider  the  relative 
magnitude  and  phase  of  the  radiated  fields  from  the  elements  in  the  pres¬ 
ence  of  the  ground.  The  desired  polarization  for  matching  the  magneto¬ 
ionic  components  in  the  ionosphere  is  circular  under  almost  all 
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circumstances  (to  be  shown  later).  As  shown  by  Lomasney  and  Barnum 
[lief.  54l,  however,  such  a  condition  is  difficult  to  achieve  over  a 
broad  range  of  frequencies  and  elevation  angles.  Out  it  was  also 
shown  that  nearly  circular  polarization  may  be  obtained  over  the  widest 
ranges  by  placing  a  phasing  line  (coaxial  cable)  in  series  with  the 
vertical  LPA  e'ement  in  order  to  adjust:  the  relative  phase  between  the 
antennas  to  be  the  necessary  90  deg.  For  the  studies  to  be  reported 
here,  the  electrical  length  of  the  phasing  line  was  27.27  ft  or  8.313  m, 
and  the  antennas  were  fed  with  equal  power;  the  phase  was  such  that  the 
top  half  of  the  vertical  antenna  was  in  phase  with  the  right  half  of 
the  horizontal  antenna,  while  looking  in  the  direction  of  "fire." 

The  ground  underneath  the  antennas  was  flat  farm  land,,  but  the 

soil  was  not  "riclr1  and  therefore  cannot  be  assumed  to  be  "good";,  it 

was  thus  considered  to  be  "medium"  ground,  with  a  conductivity  of 
-3 

10  mhos/meter,  and  relative  dielectric  constant  of  10. 

Using  the  approach  described  in  lief.  54,  the  relative  magnitudes 

and  phases  of  the  two  LPA's  were  calculated  from  the  equations  for 

their  vertical  pattern  gains  (magnitude  and  phases),  while  including 

the  fixed  phase  difference  introduced  by  the  phasing  cable.  With  this 

information,  the  calculation  of  the  transmitted  ellipticity ,  e,  and 

the  tilt  angle,  0  ,  (by  which  the  major  axis  of  the  ellipse  deviates 

ro 

)j|C 

is  straightforward.  This  calculation  was  carried 
on  by  means  of  a  digital  computer.  The  output  is  plotted  in  Figs  12 
and  13.  The  former  shows  how  the  ellipticity  s  varies  with- elevation 
angle  for  different  frequencies.  Assuming  a.  300  fan  virtual  height  in 
the  ionosphere,  the  approximate  variation  of  e  with  slant  range  is  also 


*  If  interested,  the  reader  will  find  the  derivation  of  the  equations 

for  s  and  0  in  Ref.  55. 
ro 
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Figure  13..  Tilt  angle  of  major  axis  of  the  ellipse-  transmitted 
according  to  Fig.  12. 


shown.  The  direction  of  rotation  of  the  ellipse  is  .-riven  ;by  »the  sign 

of  the  elliptlcity-rright-handed  for  a  negative  sign,  and  left-handed 

for  a  :positive  sign.  If  the  phase  of  the  antennas  were  reversed  it 

would  be  necessary  to  reverse  the  direction  of  rotation  [Ref.  54  J. 

figure  13  iihovs  !h\>w  9  varies  with  elevation  angle  and  slant  range. 

ro  ' 

Mien  the  ellip'ticity  is  less  than  0.2  o?"  so,  the  transmitted  wave  is 
nearly-  linear;,  and  the  tilt  angle"  shows,  how  much  its  plane  of  polariza-r 
tioh  differs  from  the  horizontal.  The  significance  of  these  figures  will 
be  discussed  further  when  the  experimental  data  ave  interpreted. 


T.  "Leading  Edge"  Recusing 

Beginning  at  the  lower  left  corner  of  the  figure  we  see  the 
1,  2,  3,  4,  and  5-hop  vertical-incidence  returns  directly,  from  the  trans¬ 
mitter,  via;  the  (Fall)'  F  layer,  as  wo  increase  time  delay.  Beginning  at 
b  msec  delay,  the  lower  loading  edge  of  the  backscatter  emanates  from 
the  2-hop  vertical-incidence  return.  This  edge  represents  the  "minimum 
time  delay."  of  the  backscatter,  and  is  different  from  the  delay  to  the 
skip-distance  except  at  the  ‘longer  ranges,  as  shown  by  Peterson  [Ref.  7], 
and  Diemir.ger  [Ref;.  '8].  The  3-hop  vertical-incidence  trace  produces  a 
higher  leading  edge  which  is  the  two-hop  backs*  after-.  In  between  the 
1-  and.  2-hop  leading  edge,  a  faint  trace  of  a  third  eoge  is  seen  whi'c'h 
•has  2;  components.  This  third  edge  is  .backscatter  from  the  Pacific  Ocean, 
via  the  westward  lobe  of  the  Los  Banos  receiving  array .  Its  leading  edge 
is  far  to  the  left  of  the  eastward  -backscatter  because  the  ionospheric 
density  to  the  west  is  much  lower  than  to  the  east  at  this,  ti\ie  of  da;. 
(0724  PST);  The  two  components  of  tiie  westward  edge,  are  undoubtedly  due 
to- magnetoionic  splitting  (by  analogy  with  typical  vertical-ini. idence 
data  showing  the  "o"  and  modes)  [Refs.  48,  .50,  57],  which  were  appar¬ 
ently  (buc  not  clearly),  observed  by  Silberstein  [Ref.  58],  Judging  from 
the  relative  strengths  of  the  east  and  west  backscatter,  the  effective 
f/b  of  the  transmitting  antenna  is  about  TO  to  15  dB  or  more.  The  back¬ 
scatter  propagation  viewed  at  these  frequencies  is  entirely  by-  -the  ’F 
layer,  and  no  evidence  of  either  norma-l  or  sporadic  E  propagation  is 
apparent . 


2.  Discrete  Echoes 

The  most  important  backscatter1  detail  which  appears  to  the  lpft 
of  the  1-hop  loading  edge  in  Fig.  14,  can,  be  divided  into  essentially 
two  categories:  The  lines  representing  echoes  from  discrete  echoes,  in 
land  backs.ca.tler ,  and  those  representing,  focusing  of  the  backscatter  due 
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"Leading .Edge"  Focusing 

Beginning  at  the  lower  left  corner  of  the  figure  we  see  the 
>1.,  2  ,  3,  4,  and  5-hop  vertical-incidence  returns  directly,  from  the  tx'ansr 
mi  tier,  via;  the  (Fall)  F  layer,  as  we  increase  time  delay.  Beginning  at 
b  msec  delay,  the  iower  loading  edge  of  the  backscatter  emanates  from 
the  2-hop  vertical-incidence  return-  This  edge  represents  the  "minimum 
time  delay,"  of  the  backscatter,  and  i,s  different  from  the  delay  to  the 
skip-distance  except  at  the  -longer  ranges,  as  shown  by  Peterson  [Ref.  7] 
and  Diemir.ger  [Ref-  8].  The\3-hop  vertical-incidence  trace  produces  a 
higher  loading  edge  which  is  the  two-hop  backiv<  jitter;  In  between  the 
1-  and  2-hop  leading  edge,  a  faint  trace  of  a  third  edge  is  seen  wni'd’h 
has  :2.  components.  This  third  edge  is  (backscatter  from  vh.e  Pacific- Ocean , 
via  the  westward  lobe  of  the  LoS’;Banos  receiving  array.  Its  leading  edge 
is  far  to  the  left  of  the  eastward*  backscatter  because  the  i  mospheric, 
density  to  the  west  is  much  lower  than  to  the  east  -at  this,  tiV>e  of  da; 
(C724  PST),  The  two  components  of  the  westward'  edge,  are  undoubtedly  due 
to*  magnetoionic  splitting  (by  analogy  with  typical  vertical-iniidence 
dat.a  showing  the  "o"  and  "x"  modes):[Ref  s.  48,  5G,  57],  which  were  appar¬ 
ently  (buc  not  clearly)  observed  by  Silberstein  [Ref.  58].  Judging  from 
the  relative  -strengths  of  the  east  and  west  backscatter,  the  effective 
f/b  of  the  ti’arismitting  antenna  is  about  10  to  15  dB  or  more.  The  back¬ 
scatter  ^propagation  viewed  at  these  frequencies  is  entirely  by  the  F 
layer,  and  no  evidence  ;of  either  normal  or  sporadic  E  propagation  is 
apparent . 

2.  Discrete  Echoes 

The  most  important  backscatter  detail  which  appears  to  the  left 
of  the.  1-hop  loading  edge  in  Fig.  14,  can,  be  divided  in!~o  essentially 
two  categories:  The  lines  representing  echoes* from  discrete  echoes,  in 
land  backscatter,  and  those  representing,  focusing  of  the  backscatter  due 
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Figure  14.  .Example  of  SFCW  backs.catter  data.  (Subtract  8  hours  from 
UT  (Universal  Time)  to  obtain'  local  standard  time  at 
transmitter-  for  all  SFGW  records.) 
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■to- -iono?r-i.eric  -irregularities.  The  former ,  and  to  some  degree  the  lat- 
+  _-r,  are  subjects,  discussed  at  great  length  by  Washburn- [Ref .  18]. 

There  is  a  third  mechanism  which  can  modulate  sea  backscatter  intensity, 
and  which  has  an  appearance  similar  to  that  of  the  focusing  regions; 
however,  irts  consideration  will  be  presented  in  the  next  section. 

The  nearly  horizontal  lines  in  the  lower  half  of  the  data  are 
always  seen  in  backscatter  from  the  land,  but  never  from  the-  sea  sui'face. 
This  fact  at  once  Illustrates  th«  first  unique  feature  of  sea  backscat¬ 
ter,  in  that  its  cross  section  is  a  very  smooth  continuous  function  with' 
azimuth.  Washburn  [Refs.  18,  19,  49]  has  identified  certain  echoes  of 
these  types  as  arising  from- mountains ,,  and ,  in  .general ,  it  is  character¬ 
istic  of  these  echoes  to  jut  out  to  the  left  of  the  -leading  edge  of  the 
backscatter  and  to  possess  the  shape  of  a  forward  oblique  ionogram  to 
the  range  of  the  scatterer  (but  with  the  time,  delay  doubled);  If  the 
-echo  is  strong  enough  it  can  be  identified  as  such  even  with  a  relatively 
small  antenna,  as  shown  by  Silberstein  [Ref.  58].  By  contrast,,  as  Washbui'n 
showed,  when  a  narrow  beamwidth  -antenna  is  used,  it  is  possible  to  re¬ 
solve  several  ionospheric  modes  in  the  echo,  and  observe  effects  due  both 
to  the  bistatic  sounder  geometry,  and  due  to  the  passage  of  traveling 
ionospheric  disturbances  (TID’s).  It  is  'characteristic  of  these  echoes 
to  be  rather1  discrete  in  azimuth — within  the  beamwidth  of  the  Los- Banos 
receiving  array.  It  is  also  clear  from- these  echoes  .that  the  upper 
(Peterson)  ray  propagation  is  greatly  attenuated,  hence  it  may  be  ignored 
(except  very -near  the  leading  edge). 

3.  Focusing  From  Ionospheric  Irregularities 

The  second  set  of  lines  at  the  top  of  the  data  in  Fig.  14  are 
seen- in  backscatter  from,  both  sea  and  land,,  without  distinction  (most  of 
the  data  represent  backscatter  from  the  land) .  These  lines  are  clearly 
distinguished  from  the  discrete  scattering  echoes,  in  that  they  are 
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always  broader  in  range  extent,  much  less  sensitive  to  changes  in  azi¬ 
muth,  and  typically  move  with  time.  Furthermore,  they  are  more  nearly 
horizontal  than  vertical,,  but  arc  rarely  ns  smooth  and'  straight  as  the 
land  echoes.  They  appear  here  to  be  rather  evenly  spaced  and  almost 
parallel,  'but  these  lines  will  be  distinguished  from. another  (hew)  type 
to  be  discussed  shortly. 

Several  authors  have  observed- these  fluctuations  in  backscat- 
tor  intensity;,  in  both  fixed-  and  wide-?swept-frequency  data  [Refs.  50, 

51;,,  59-66]  and  some  have  considered  their  cause.  In  1957  [Ref.  60]  and* 
1961  [Ref.  61]  Tveten  reported- seeing 'regularly-spaced  striations  in 
F^-propa gated  backscatter  signals,  whose  range  yarieds with- time.  He 
associated'  these  with  TID's.  Dueno  saw  (Similar  variations  [Ref.  ?62],. 

Using  a  more  directive  antenna,  Hunsucker  and  Tveten  [Ref.  63,  i967] 
showed  that  the  variations,  are  also  a  function  of  azimuth — they  are 
usually  tilted.  Recently,  Georges  and  SfePhpnson  [Ref.  59]  modeled 
these  variations  using  3-dimensional‘  computer  ray-tracing. 

The  appearance  of  the  lines  in  wide-swept-frequency  backscat¬ 
ter  was  reported  by  Bolgiano  [Ref.  64,  1962]  and  Gilliland  [Ref.  65, 

1965].  It  was  characteristic  for  -these  lines  to  be  very  nearly  horizon¬ 
tal  when  viewed  with  antennas  having  beamwidths  of  2  deg  (Bolgiano) 
with  that  of  a  single  rhombic  (Gilliland).  In  1967  Croft  [Refs.  50,  66], 
published  an  excellent  analysis  of  the  striations  :seen  in  Gilliland's 
data,  and  some-  data  [Ref.  50]  taken  using  the-  Los  Banos  array.  Using 
computer  raytracihg,  Croft  showed  that  the  effect  of  irregularities  is 
to  focus  the  radio  waves  onto  the  earth's  surface,  over  a  comparatively 
narrow  range  increment  at  a  given  frequency,  thereby  producing  the  stria¬ 
tions.  These  irregularities  almost  always  occur  more  often  in  the  even¬ 
ing  than  the  morning,,  and  in  general  more  so  in  the  summer,  less  in  the 
fall,,  and  least  in  the  winter.  They  are  definitely  correlated,  with  magr 
retie  storms  in  the  ionosphere  (probably  the  auroral  electrojet  [Ref.  63] X, 


and  they  occur  more  often  when  the  sun  shines  on  the  ionosphere  more 
directly. 

B,  A  NEW  BACKSCATTER  FEATURE  SEEN  ONLY  FROM'  THE  SEA 

This  section  will  present  data  which  reveal  unique  feature  of  iouo- 
spherically-propagated  sea  backscatter  which  has  been  recorded  u.zing  the 
wide-apert.ure  array.  The  cause  of  this  feature  will  then  be-  hypothesized-, 
and  the  remaining  chapters  will  :prove  it,  and  will  demonstrate  the  way 
in  which  it  may  be  controlled-. 

1.  The  Experimental  Data 

Figures  15  and  17-27  contain  examples  of  wide- swept- frequency 
backscatter  data  which  ,1’eveal  this  unusual  phenomenon.  These  data  were 
recorded'  in  exactly  the  same  zashion  as  for  Fig.  14  except  that  different 
transmitting  and  receiving  bearings  wei’e  used,,  and  for  Fig.  17  onward'  (ex¬ 
cept  Fig.  26),  only-  a  single  LPA  was  usecl  to  transmit  to.  the  Pacific  Ocean. 

a  .  The  Gulf  of  Mexi  co 

The  records  shown  in  Fig.  15  were  recorded  by  Washburn 
during  a  study  of  land  backscatter'.  They  :a re  presented  here,  with  his 
permission,  in  order  to  reveal  some,  characteristics  of  backscatter  from 
the  Gulf  of  Mexico.  The  data  were  taken  on  20,  September' 4968 ,  with  the 
Lost  Hills  array  slewed  to  94  deg.  The  times  and  receiver  bearings  are 
indicated  at  the  top  of  each  record',  and  the  system  parameters  arc  listed 
below;  The  time  delay  corresponding  approximately  to  the  division  be¬ 
tween  land  and  sea  is  also  indicated  on  the  data. 

Applying  knowledge  already’  gained,  we  can  then  see  that 
several  echoes  from  discrete  reflectors  occur  in  the  portion  from  the 
land,  but  none  from  the  sea.  There  arc  also  some  heavy,  wide  families  of 
focusing  lines  between  (roughly)  16  and  20  msec.  The  abrupt  change  in 
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the  1-hop  backscattor  on  the  left-which  resembles  a  leading  edge — has 
been  recently  explained*  by  Croft  and  Washburn  [Ref.  51].  The  difference 
in  brightness  change  in  the  right  half  of  each  record  is  due  to  a  manual 
adjustment  of  the  receiver  gain. 

The  new  features  in  these  data  are  two  sets  of  line  fami¬ 
lies  which  do  not  at  all  resemble  the  focusing  lines,  and  which  have  only 
been  observed  in  backscattor  from  the  sea  surface.  These  lines  appear 
between  22  and  2d  and  18  and  20  msec  (approximately),,  in  two,  different 
forms.  The  lines  between  22  and  24  msec  are  clearest  on  the  record  for 
1954  UT ,  and  those  between  18  and-  20  msec  are  clearest  on  the  other  recr 
ord.  The  former  set  are  quite  easily  seen,  but  the  latter  set  are  less 
dark  and  more  closely,  spaced" about  6  per  msec--making  them  less  discern¬ 
ible;  more  data  will  be  shown,  however,,  which  bring  this  type  out  more 
clearly.  1-t  is  characteristic  of  these  lines  to  be  tilted  in  the  range- 
frequency  display,  becoming  more  nearly  parallel  to  the  leading  edge  as 
they  approach  i-tv  When  two  layers,  are  present,  causing  the  second  focus¬ 
ing  edge- on  the  left  [Ref.  51 ],  the  lines  tend  to  be  parallel  to  _it  also, 
which  means  that  they  can  become  tangent  to  the  horizontal  somewhere  be¬ 
tween  the  two  edges.  This  characteristic  of  the  iines  clearly  distin¬ 
guishes  them  from  discrete  land/  echoes. 

Secondly,  the  new  lines  are  usually  quite  parallel  and 
regularly  spaced.  Because  of  this,  the  fact  they  are  seen  only  over  the 
sea*,  and  the  :above  chai’acteristics ,  make  them  quite  distinguishable  from 
the  focusing  lines  due  to  ionosphex'ic  irregularities'. 

Data  taken  at  times  near  that  in  Ft g.  15  represent  the  only 
records  of  backscatter  from  the  Gulf  of  Mexico  which  show  these  lines 
clearly.  It  is  still  not  absolutely  clear  why  they  occur  relatively 
infrequently  over  this  path. 
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■Figure  15.  SFCW  'backscatter  from,  the  Gulf  of  Mexico,  showing  a  new  type  of 
modulation  on  sea  backscatter  echoes. 


b. 


The  Pacific  Ocean 


The  backscatter  paths  to  the  Pacific  Ocean,  where  the  re¬ 
turn  from  all  azimuths,  ranges  and  frequencies  came  from  the  sea  surface , 
proved  to  be  much  better  for  studying  these  new  lines,  since  the  effect 
is  associated  with  the  sea's  surface.  Figure  16  shows  the  geometry  of 
those  paths.  A  beamwidth  of  125  cleg  is  indicated  on  Fig.  16  for  the 
vertical  element  of  the  crossed-LPA's,  ±  15-3/4  deg  from  borosight  (270 
dog),-  the  single  LPA  -was  essentially  omnidirectional  to  the  west,  with 
its  radiation  about  15  dB  lower  to  the  -east. 

( 1 )  February  1969 

Figures  17-20  are  examples  of  data  taken  on  5  February 
1969,  shortly  after  the  westward  LPA ' s  had  been  .erected  at  Lost  Hills. 
Referring  to  Fig.  17  first,  it  is  evident  that  there  are  no  discrete 
echoes -.(-us  we  expect),  and  only  one  clear  focusing  line  <(  between  15  and 
17  msec  and  20  to  25  MHz) .  The  1-hop  westward  leading  edge  is  clear , 
and  a  faint  ti-ace  of  the  eastward  edge  hear  the  bottom  of  the  data  is 
also  present.  Between  11  and  15  msec,  and  13  to  15- MHz,  a  second  focusr 
mg  edge  is  seen  which  is  eithei*  2 -hop  backscatter.,  or  an  E-layer  lead¬ 
ing  edge.  The  latter  seems  to  be  the  best  interpretation. 

The  backscatter  in  Fig.  17  is  comparatively,  smooth  and 
continuous  with  Tange  and  frequency,  except  for  the  family  of  lines  on 
the  data  which  resemble  a  thumbprint.  Once  again,  it  is  seen  that  these 
lines  arc  parallel  to  both  the  left  and  right  (F.t  and  F-laycr)  leading 
edge,*,  and  are  quite  uniformly  spaced.  The  thumbprint  lines  are  hori¬ 
zontal  only  over  a  narrow  frequency  range  where  they  curve  down  from  one 
leading  edge  and  up  again  to  the  other.  Figures  18-20  show  very  similar 
behavior,  except  that  the  line  patterns  taken  on  different  shapes  as 
t  ime-of- day  progresses..  Some  lines  appear  below  about  10  msec  which  are 
not  as  clear  as  those  above,  and  which  are  very  nearly  horizontal.  It 
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showing,  how  the  transmitter  and  receiver  illuminate  the  Pacific.  Ocean, 
geometry  applies  to  all  of  the  remaining  data  except  Fig.  26. 
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Figure  17.  SFCW  backscatier:  from  the  Pacific  Ocean  on  5  Feb.  >1969  at 
1914  UT. 
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Figure  19.  Same  as  Fig.  17,  but  taken  at  1963  UT,  and  the  sweep  rate' 
was  doubled. 
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20.  Same  as  Fig:  -19,  but  taken  at-  2014  UT. 
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Is  probably  true  that  these  are  not  due  to  scatter  from  the  east,  and 
they  are  too  regularly  spaced  to  be  focusing  lines.  It  would  appeal' 
therefore,  that  they  are  of  the  same  type  as  those  which  are  nearly  par¬ 
allel  to  the  F-layer  leading  edge.  Figures  19  an/,!  20'  show  this  distinc¬ 
tion  most  clearly. 

The  data  for  February  5  were  so  encouraging  that  more  ex¬ 
periments  were  run  two  days  afterward;  and  as  seen,  Figs.  21-24  illus¬ 
trate  the  same  things  as  the  above.  On  this  same  day,  the  transmitted 
-polarization  was  changed  in  certain  ways  in  order  to  see  what  effect  it 
had  on  the  characteristics  of  the  thumbprint  lines.  This  experiment 
gave  positive  results,  but  its  discussion  .v’-ll  be  deferred,,  since  it  will 
be  bettor  understood  after  the  theory  for  the  lines  is  developed. 

Figure  21  is  very  similar  to  Fig.  20,  except  for  the  fol¬ 
lowing:  On  both  figures  (and  -on  the  others)  there  are  lines  down  to  8 
msec,  but  they  are  not  horizontal  on  Fig.  21.  Therefore,  on  the  latter, 
they  more  nearly  r’eseinblo  the  lines  on  the  upper  half  of  the  data.  Sec¬ 
ondly,  on  each  figure  there  is  an  E-layer  leading  edge,  but  on  Fig.  21, 
a  2rhop  F-layer  leading  edge  emanates  jy  t  to  the  left  of  that  from  the 
E-layer.,  and  extends  beyond  10  msec  in  time  delay-  When  this  extension 
occurs,  the  backscatter-f requcncy  spectx’um  tries  to  cross  zero  frequency 
(at  the  top,  of  the  figures),,  hence  begins  to  "fold  over"  into  the  figure, 
extending  downward.  The  same  is  true  lfere  for  the  1-hop  F-layer  leading 
edge.  The  seriousness  of  this  effect  diminishes  quickly  as  it  -progres¬ 
ses  downward  in  (apparent)  time  delay,  since  this  energy  lies  outside 
the  6  kHz  IF  pass-band  (Chapter  III). 

In  order  to  examine  the  backscatter  behavior  at  these 
higher  time  delays,  the  time  delay  window  was  reset  2  minutes  afterwards, 
as  shown  in  Fig.  22.  By  comparison  with  data  taken  with  other  systems., 
it  is  surprising  that  the  backscatter  intensity  was  high  out  to  3,400 
km — since  the  effective  radiated  power  was  only  2  kW  timet  the  gain  of  a 
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Figure  21. 


Same  as  Fig.  17,  but-  taken  two  days^  later  at  1741  UT,  and 
the  sweep  rate  is.  doubled. 
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single  IjPA.  It  has  become  clear.,  however,  that  the  receiving  array  dis¬ 
criminates  against  interference  from  other  users,  which  increases  the 
signal- to- interference  ratio.  Figure  22  reveals  that  the  Fines  are  ab¬ 
sent  in  the  2-hop  return  ( left) ,  but  appear  almost  vortical  in  the  3-hop 
backscatter  between  about  37  and  23  .msec.  It  is  clear  then  that  they 
can  occur  out  to  3,t)00  km  ranges. 

Figures  23  and  24  show  the  behavior  of  the  new  line  fami¬ 
lies  most  dramatically.  Figure  24  is  an  expanded  version  of  the  data  in 
Fig.  23  between  13  and’  3.7  msec,  taken  two  minutes  later..  The  lines  are 
seen  to  be  almost  parallel  with  the  1-hop  leading  edge,  and  decreases 
their  width  and  spacing  as  it  is  approached.  In  Fig.  23  it  is  seen  that 
the  lines  tilt  less  vertically  toward  the  left,  and  their  bottoms  begin 
to  curve.  By.  comparison  to  the  earlier  data,  it  is  conjectured  that  this 
curvature  would’ .continue  if  the  lines  were  still  resolvable,  and  that  this 
effect  is  associated  with  the  E-layer  leading  edge  on  the  left  of  Fig.  22. 

(2)  July  1969 

It  will  now  be  instructive  to  consider  the  behavior  of 
itlicse  lines  as  a  function  of  season.  Figure  25  shows  SFCW  data  taken  on 
30  July  1969(,  The  system  was  set  .nearly  identically  as  for  Figs,.  17-24, 
and-  the  receiving  antenna  bearing  was  the  same  (270' 'deg).  The  summer  and 
winter  ionospheres  were  miich  different,  however,  and  at  the,  same  time  the 
new  type  of  line,  families  cannot  ;be  seen.  Evidence  will-  later  show  that 
the  line's)  might  be  seen  at  the  longer  ranges.  To  check  this,  the  upper 
portion  of  the  backscatter  was  expanded  between  1G  and  24  msec.  There 
are  a  few  vertical  enhancements  in  .this  data,  but  most  of  these  seem  to 
be  due  to  interfering  stations.  Some  of  the  lines  around  20  msec,  and 
between  22  and  24  msec  could  be  real.  It  is  quite  clear  from  this  and 
other  data,  that,  in  general,  the  summer  backscatter  has  a  groat  deal 
more  irregularity  in  its  sti’ucture  than  in  the  winter,  and  correspondingly 
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Figure  23.  Same  as  Fig.  21,  except  at  1818  UT. 
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Figure  24.  Same  as  Fig.  23;  except  that  the  time  is  two  minutes  later> 
and  the  portion  of  the  data  between  1 3.1  and  17  msec  has 
been  expanded  to  show  more  detaii. 
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Figure  25.  SF.CW  backscatter  from  the  Pacific  Ocean  on  30  July  1969 
showing  that  the  mew  modulation  was  not  detectable  at 
that  tin.?. 
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many  more  focusing,  lines.  It  so  far  seems  that  the  thumbprint-lines  are 
simply  not  resolvable,  except  occasional/iy,  in  summertime  backsca tier. 

(  3 )  October  ant#  November  1969" 

By  contrast,  it  was  already  shown  that  they  were  seen  in 
September  1968  (Fig.  15),  and  Figs.  26  and"  27  show  that  once  again  they 
appeared  in  the  autumn.  The  data  in  Fig.  26  were  taken  by  transmitting 
from  Stanford’,  rather  than<  Lost  Hills,,  using  a  bi-directional  rhombic 
antenna.  Because  it  was  late  in  the  afternoon  (locally  1714  PST),  it 
was  possible  to  isolate  the  westward  backscatter  from  the  east  as 
designated  on  the  figure.  Once  again,  the  line  families  appear  in 
regular  spacings,;  nearly  parallel  to  the  leading  edge.  It  is  also  note¬ 
worthy  in  Fig.  26  that  the  lines  can  bo  seen  right  up  to  the  edge  vOf 
>backscatter--which  usually  does  not  happen.  The  explanation  for  this 
is  that  the  upper-  (jPederson)  ray  propagation,  was  attenuated  all  the  way 
to  the  backscatter  focusing  edge,  which  may  have  resulted  from  reduced 
radiatic.i  at  the;  higher  elevation  angles  >by  the  rhombic  antenna. 

The  data  in  Fig.  27  were  also  taken  in  the  afternoon,  but 
several  days  later,  using  the  single  LPA;  at  Lost  Hills.  These  data  look 
very,  similar  to  those  in  Fig.  18,  except  that  there  are  less  focusing 
irregularities  present  in  the  latter-. 

2.  Conclusions 

It  may  generally  bo  concluded  from  the tdata  that: 

(a)  The  newly  observed  line  families  are  never  seen  in  back¬ 
scatter  from' the  land. 

(b)  They  are  nearly  always  seen  in  the  autumn  and  winter 
during  daylight  hours,  in  backscatter  from  the  -Pacific 
Ocean. 

(c)  They  are  very  rarely  seen  in  the  summer,  and  then  only 
vaguely,. 
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(d)  It  is  characteristic  of  the  lines  to  be  more  nearly 
parallel  to  the  main  loading  edge  of  the  backscattor, 
and  to  increase  in  number  as  they  approach  it. 

(e)  They  are  clearly  distinguishable  from  both  discrete 
echoes  and  focusing  lines;,  however,  they  can  become 
horizontal  over  a  certain  frequency  range  when  an 
E-layer  leading  edge  is  also  present*  since  they  can 
curve  around  in  a  manner  resembling  a  thumbprint. 

(f)  They  are  most  clearly  seen  at  ranges  below  2*500  km, 
but  they  can  also  appear  at  ranges  beyond  this. 

3 .  Hypothesis 

To  form  a  hypothesis  to  explain  these  lines  we  must  -first  ask 
ourselves  what  is  different  about  the  scattering  behavior  of  the  sea 
surface,  and  we  must  account  for  the  fact  that  the  lines  have  probably 
never  been  seen  before .- 

a.  .Continuity  of  the  Sea-  s  a  and  the  Effect  of  Swells 
_  j  o  _ 

The  conclusion  ?  of  Chapter  II  predict  the  sea  surface  to 
have  a  nearly  uniform,  or  slowly  varying  cross  section  per  unit  .area 
with  azimuth  and  range.  This  model  should  ahold  true  except  when  large 
wave  swells  travel  through  the  scattering  area  under  observation,  since 
these  swells  are  not  -predicted  by  theory,  and  they  can  represent  a  sizable 
discontinuity  in  the  sea  surface  structure.  The  -backscatter  from  these 
swells  should  have  a  high  doppler  shift  (since  they  move  faster)  when  the 
radio  wavelength  is  correct  for -coherent  (Bragg)  reflection.  Addition¬ 
ally,  if  the  surrounding  (steady-state)  sea  is  moderately  calm,  the 
amplitude  of  the  backscatter  from  cthe  swells  should  be  quite  strong  at 
those  correct  frequencies.  Following  this  line  of  thought  further, 
imagine  a  swell  wave  train  emanating  from  a  point  source,  thereby  causing 
the  wavefronts  to  expand  outwards  in  concentric  shells.  Suppose  that  one 


tliei.  illuminates  this  whole  system  of  waves  with  a  relatively  broaclbeamed 
antenna  (like  a; rhombic).  The  scatter  from  the  swells  will  be  a  maximum 
when  the  wave  spacing — normal  to  the  direction,  of  radio-wave  propagation — ? 
is  an  integral  number  of  half  the  projected  radio  wavelength.  But,  the 
range  at  which  this  constructive  interference  occurs  exactly  should  be 
frequency  dependent.  Thus,  there  will  be  a  line  of  amplitude  enhancer 
ment  in  a'  range-frequency  display  of  backscatter,  for  each  harmonic  number 
of  radio  half-wavelengths.  This  could  result  in  families  of  lines  which 
could  then  be  tilted  with  a  negative  or  positive  slope,  depending  upon 
the  direction  from  which  the  swells  came  (which  way  the  wind  was  -blowing);. 
Muldrew  [Ref.  32]  believes  that  he  saw  this  exactly.,  and  the  above  ex¬ 
planation  is  his.  He  was  stationed  in  Ottawa,  and  used  a  rhombic  antenna. 

He  believes  that  the  lines  could  not  have  been  caused  by  any  ionospheric 
phenomena,  and  gives  good  evidence  to  support  the  Atlantic-Ocean  swell 
hypothesis.  His  arguments  are  quite  appealing,  and;  evidence  will  be 
given  later  which  suggests  that  a  rhombic  antenna  is  much  too  small  to 
use  in  seeing  lines  like  those  revealed  in  Figs.  17-27. 

Muldrew's  observation  is,  the  only  one  of  its  kind.  His 
proposed  technique  could  very  well  be  used  as, -another  aid  to  the  detec¬ 
tion  of  storms  at  sea  which  generate  large  swells.  For  the  present,  it 
is  sufficient  to  note  that  his  type  of.  observation,  is  not  seen  nearly 
as  regularly  as  the  thumbprint  phenomena.  Moreover,  the  appearance  of 
the  swell  lines  is  different,  in  that  they  are  not  parallel  to  the  back¬ 
scatter  leading  edge,  and  they  sometimes  bend  in  the  opposite  direction. 

It  is  safe  to  say  that  the  sea  surface  normally  does  not  contain  large 
swells,  travelling  through,  it,  with  sufficient  amplitude  to  override  the 
backscatter  from  the  more  numerous,  more  c lose ly-r spaced  sea-wave  components- 
as  assumed;  by  the  theory.  It  is  therefore  safe  to  say  that  the  thumb¬ 
prints  are  not  duo  to  backscatter  from  swells. 


b. 


The  Polarization  Dependence  of  the  Sea's  a 

o 

The  other  property  -unique  about  the  sea  surface  is  that 
not  only  is  its  scatter  magnitude  relatively  constant  over  a  large  area, 
but  as  shown  in  Chapter  IT,  it  follows  that  its  polarization,  dependence 
will  be  also.  In  fact,  the  sea.  should  be  most  nearly  a  vertically- 
polarized  reflector  at  low  elevation  angles,  except  perhaps  for  extremely 
rough  seas . 

By  contrast,  -reflectors  on  the  land  can,  statistically 
speaking,  favor  any  -polarization.  It  has  been  felt  by  some  [Refs  15,  17.] 
that  on  the  average  the  land  also  favors  vertical  over  horizontal  polar¬ 
ization.  This  may  be  true,  but  measurements  of  localized  areas  do  not 
seem  to  confirm  this;  Indeed,  Ranzi  [Ref.  67]  found  that  the  "background" 
s.cattorers  seemed  to  favor  vertical  polarizations,  while  -large  discrete 
echoes  from  power  lines  and  mountains  favored  horizontal  polarization. 

It  is  therefore  true  that  when-  a  narrow  beam  antenna  is  used,  the  small 
slice  of  terrain  appearing  in  one  resolution  cell  can  have  a  polarization 
dependence  different  than  the  adj; cent  cell — such  as -when- comparing  scat¬ 
ter  from  vertical  metai  poles  or  trees,  to  horizontal  power  lines. 

c.  -Hypothesis 

Lastly,  ft  must  be  considered  that  the  thumbprint  lines 
have  probably  never  been  seen  before,  and  a. very  important -difference 
between  the  author'ssounder  and  others,  is  that  the  Los  Banos  array  is 
the  widesf-aperture  antenna  ever  built  to  operate  at  HF.  The  apperance 
of  the  lines  is  therefore  probably  associated  with  antenna  beamwidth. 

Because  of  the  last  properly,  the  lines  may  be  presumed- 
to  he  associated  with  some  phenomenon  in  the  ionosphere.  The  only 
phenomenon  which  might  bo  sensitive  to  antenna  beamwidth  is  that  which 
causes  the  plane  of  polarization  of  down-coming  radiowaves  to  rotate  with 
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range,  frequency,  and  azimuth — Faraday  rotation.  The  fact  that  the  sea 
cross  section  and  its  polarization  dependence  is  uniform  from  one  posi¬ 
tion  to  the  next,  makes  it  possible  for  the  amplitude  of  sea  backscatter 
to  bo  a  function  of  range  and  frequency  according  to  the  instantaneous 
value  of  the  radio  wave  polarization.  For  instance,  providing  that  tlie 
polarization  does  not  rotate  appreciably  across  the  main  receiving  beam, 
then  if  at  a  fixed  frequency  and  -range  the  polarization  comes, 'down  hori¬ 
zontal,  very  little  sea  scatter  will  originate.  By  contrast,  if  the 
polarization  comes  down  vertical,-  and  if  the  receiving  antenna's  poiarr 
ization- is  correct,  a  maximum  in  backscatter  amplitude  will  be  achieved 
(ignoring  focusing  and  scattering  irregularities  ir.  the  ionosphere). 
Thus,  the  fact  that  the  antenna  is  big  ’enough  makes  this  phenomena  pos¬ 
sible,  and  the  continuity  of  the  sea's  .cross-section  magnitude  and 
polarization  dependence  make  it  appear  only  in  sea  backscatter.  This 
is  the-  hypothesis,  and  the  remaining  chapters  will  introduce  strong 
evidence  in  its.  favor. 
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V .  THE  MODULATION  OF  SEA-BACKSCATTER  AMPLITUDE  BY 
POLARIZATION  ROTATION  (THEORY)"  " 

The  purpose  of  this  chapter  is  to  provide  a  theory,,  based  on  the 
nypothosis  stated  at  the  end-  of  the  last  chapter,  which  will  be  used  to 
explain;  the  "thumbprints"  ii  swept -frequency  sea  backscatter  records, 
the  first  section  will  discuss  the  concept  of  "polarization  rotation," 
which  will  be  applied  in  the  development  of  the  theory..  The  theory 
assumes  only  that  ordinary  and'  extraordinary  modes  are  equally  atten¬ 
uated  in  the  ionosphere,  and  that  they  are  circularly  polarized1  when 
exciting  the  ionosphere.  The  simplification  duo  to  a  mohostatic  sounding 
geometry  will  then  be  shown,  and  the  fourth  section  will  express  the  con¬ 
ditions  under  which  the  "polarization  modulation"  will  be  present.  The 
last  section  will  demonstrate  the  use  of  an  aproximate  computer-raytracing 
technique  to  synthesize  model  backscatter  data  which  show  the  new  modu¬ 
lation.  The  next  chapter  will  show  experimental  data  which  verify  the 
theory. 

A.  THE  ROTATION  OF  POLARIZATION  AFTER  AN  IONOSPHERIC  REFLECTION 

It  has  long  been  known  that  the  earth ' s.  magnetic  field  will  affect 
the  propagation  of  radio  waves.  Ratcliffe  [Ref.  68'],,  Buddeiv  [Ref..  57], 
and  others  have  given  excellent  historical  accounts  of  the  development 
of  ionospheric  research .  Ratcliffe  points  out  that  the  work  of  his  book 
was  mainly  based  oh  the  theoretical  work  published  by  Appleton  in  1927. 
[Ref.  69],  Appleton's  theory  derived  an  expression  for  the  complex- re¬ 
fractive  index  in  the  ionosphere,  which  was  fully  published  .by  1932 
[Ref,.  70 ].  In  1934,  Booker  [Ref.  71 ]  interpreted  the  equations  with 
regard  to  polarization,  and  his  conclusions  are  summarized- by  Ratcliffe 
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[llof.  68.],  In  1952,  Snyder  apd  Holliweli  tuef.-  72]  published  a 
"Universal  Wave  Polarization  Chart  for  the  Magneto-ionic  Theory,"  which 
is  quite  helpful  in  visualizing  the  behavior  of  the  polarization  of 
radio  waves. 

In  Appleton's  results  from  Jlatcliffe  [Ref.  68],  it  is  seen  that  the 
earth's  magnetic  field  causes  the  energy  of  a  linearly  polarized  wave 
to  split  into  two  elliptically  polarized  waves,  which  travel  vith  dif¬ 
ferent  phase  and-  group  velocities,  and-  in  general'  do  not  follow  the 
same  ionospheric  paths.  The  process  is  called  magnctoionic  splitting. 

The  two  waves  have  the  "characteristic  polarizations"  of  the  ionosphere; 
these  are  usually  denoted  the  "ordinai’y"  and  "extraordinary, "  for  the 
waves  which*  are  least  and  most  affected  by  the  earth's  magnetic  field, 
respectively. 

In  the  event  that  an  elliptically  polarized  wave  is  transmitted 
into  the  ionosphere,  it  will  also  be  broken  down  into  the  two  character¬ 
istic  waves,  but  the  components  will  have  unequal  amplitude.  In  fact, 
if  one  transmits  a  wave  which  exactly  matches  one  of  the  characteristic 
polarizations  of  the  ionosphere,  the  other  component  will  not  be  excited 
(except  to  a  small  degree,  perhaps,  duo  to  the  fact  that  the  ionosphere 
i:  completely  homogeneous)..  This  will  be  discussed  later. 

When  both  magnetoionic  components  are  excited,  two  phenomena  occur. 
If  the  experimenter  transmits  a  short  enough,  pulse  of  energy  over  a  one¬ 
way  path  through  the  ionosphere  (and  if  the  ionosphere  will  support  the 
necessary  pulse  bandwidth),  he  will  observe  that  the  received  enei’gy  will 
be  split  into  two  pulses,  delayed  by  0  to  4  ^sec,:  due  to  the  difference 
in  the  gr: up  velocity  of  the  "o"  and  "x"  modes .  Usually,  one  sees  a 
delay  of  1  to  2  psoc.  On  the  other  hand,  if  the  transmitted,  pulse  is 
longer  than  the  time-delay  separation  or  the  "o"  and  ”x"  modes,  if  the 
receiver  bandwidth  is  too  narrow  to  l’csolve  the  Fourier  spectrum  of  the 
short  pulses,  or  if  a  range-extended  backscattcring  surface  is  used, 
one  will  observe  that  the  energy  from  the  two  characteristic  waves 


will  add.  Tn  the  author's  work,  it  will  always  be  assumed  that  the  "o" 
and  "x"  modes  are  never  resolved  in  group  time  delay;  however,  if  the 
reader  is  interested  in  considering  the  effects  of  the  latter,  and.  the 
implications  on  usable  receiver  bandwidth,  ho  is  referred  to  the  excellent 
work  done  by  Mark  Eps  ;ein  while  working  at  Stanford  [Refs.  45.,  73], 

’>Vhen  the  energy  from  the  "o"  and  "x"  modes  add,  the  difference  in 
their  phase  velocities,  cause  the  resultant  polarization  to  vary  ^accord- 
ing  to  the  phase  difference  between  the  two  modes.  Assuming  that  the 
attenuation  of  the  two  magnetoionic  components  is  equal  (which  is  es¬ 
pecially  true  at  higher  frequencies),  then  the  resultant  polarization 
will  bo  linear,  and-  its.  orientation  can  be  anywhere  between  vertical  and 
liorizontal.  When  one  uses  a  linear  antenna  he  will  see  the  amplitude  of 
a  received  voltage  vary  with  time,,  and  it  will  reach  a  maximum  when  the 
arriving  polarization  is  aligned  with  the  antenna.  Eckersley  feef.  74] 
observed  this  as  early  .as  1929,  after  Appleton's  theory  had  just  been 
published.  In  1935,  Martyn  and  Gi’een  [Ref.  75]  measured  the  polarization 
of  downcoming  radiowaves  from  near  vertical  incidence. 

A  clear  demonstration  of  the  effect  of  o-x  splitting  (when  the  two 
modes  are  not  resolved  in  time  delay)  was  given  in  1958  by  Hedlund  and 
Edwards  [Ref.  .76],  These  workers  used  100  p.sec  pulses,  which  were  trans¬ 
mitted  over  a  1000  mile  oblique  path,  using  only.  1-hop  F-layer,  lower 
ray  propagation.  The  pulses  were  received  on  both  vertical  and  horizontal 
antennas,  from  which  it  was  observed  that  the  signal  amplitudes  faded  with 
the  same  period,  but  exactly  out  of  phase.  This  is  usually  called  "Faraday 
rotation,"  and  has  been  described  in  detail  by.  several  authors  [Ref.  77 
as  an  example]. 

Appendix  A  is  included  at  the  end  of  this  report  in  order  to  show 
how  Faraday  rotation  develops.  An  unambiguous  expression  is  given  with 
which  the  instantaneous  value  of  polarization  rotation,  0.,  can  be  com¬ 
puted.  This  is  given  by 
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( A15') 


where  X  is  <the  freespaco  radio  wavelength,  and  R  is  the  polarization 
o  x 

of  the  extraordinary  (x)  wave  when  exciting  the  ionosphere  (given  in 
Appendix  A).  Usually  tlio  QL  approximation  holds,  so  that  when  the  down¬ 
coming  waves  are  parallel  to  the  earth's  magnetic  field,  R  =  +i,  and 

X 

when  they  are  anti-parallel,  R  =  ri.  Wien  X  «  1  (Appendix  A)  the  phase 

paths  P  and  P  arc  given  by 
o  x 


P  =  I  Ms 

o  o 

o  path 


x  path 


(A12) 


where  the  o  and  x  paths  are  in  general  different.  The  refractive  indices 

for  the  o  and  x  modes,  and  are  functions  of  the  radiofrequency,  f , 

the  electron  density,  N,  the  earth's  magnetic  field  intensity,  II,  and 

the  direction  of  propagation,  6,  as  commonly  noted  in  ionospheric  texts 

[c.g.  Ref.,  68],  It  is  also  seen  that  p  ^  p  ,  blit  it  not  necessarily 

o  x 

true  that  P  ^P  between  two  points,  as  sometimes  assumed, 
o  x 

The  expression  for  Faraday  rotation  is  denoted  by  the  instantaneous 
value,  fl. ,  not  the  total  value,  fl  ,  as  it  is  usually  inferred  to  [e.g., 

i  t 

Refs.  4*1,  81,  77],  since  the  latter  only  has  meaning  when  it  can  be  shown 
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that  R  does  not  change  sign  during  the  integration  to  determine  P  and 
x  '  o 

P  .  Dulit  [ReC.  77]  used  a  technique  which  sometimes  overcomes  this 
x 

problem,  which  will  be  discussed  later.  For  the  present  purpose,  it  is 
sufficient  to  note  that  the  concept  of  "polarization  rotation  in  the  iono¬ 
sphere"  is  fictitious  for  oblique  ionospheric  propagation,  since  the  o 
and  x  modes  follow  different  paths,,  and  it  is  therefore  necessary  to  con¬ 
sider  polarization  rotation  as  the  sum  of  two  s.oparate  circular  waves, 
according  to  Eq.  (.A15-) , 

Hereafter,  the  subscript  "i"  will  bo  removed  fi'om  0. ,  but  it  is 
understood  that,  tlie  instantaneous  value  of  polarization  rotation  i:,s 
still  assumed. 

B  .  THE  MODULATION  OF  SEA-BACKSCATTER.  AMPLITUDE  BY  POLARIZATION  ROTATION 

Since  the  expression  for  0  is  a  function  of  f,  N,  H,  and  9,  in¬ 
tegrated  through  the  ionosphere,  it  is  clear  that  P  and  P  (hence  0) 

o  x 

are  functions  of  frequency;,  range  (or  time  delay,,  t)  and  azimuth-,  ®. 
Indeed,  by  constraining  the  range  and  azimuth  to-be  .constant,  Epstein 
[Refs..  44,  45,  78,  79,  80  ]  observed:  the.  variation  of  0  with  changes  in 
frequency,  Croft  [Refs.  81,  82]  wrote  a  computer  program  based  on  P.ulK’s 
method  [Ref.  77],  with  which  ho  approximately  calculated  0  versus  range 
at  a  constant  frequency  and  azimuth.  Using  the  same  program  it  can  also 
be  shown  that  Ovaries  with  azimuth  at;  a  constant  .range  (or  time  delay) 
and  frequency. 

Returning  to  Eq.  (A15):,  the  effect  of  polarization  rotation  on 
backscatter  amplitude  must  in  some  way  be  derived  from  the  way  in  which-, 
ordinary  and  extraordinary  modes  return  to  the  receiver"  and  interfere— 
according  to  their  phase  path  differences.  Additionally,  this  interfer¬ 
ence  must  be  contained  in  some  expression  which  can  be  integrated  over 
the  frequency  bandwidth  ( AC ) ,  the  time  delay  resolution  (  At).,,  and  the 


azimuthal  boainvidth  (  A<p)  specified  by  the  sounder,  in  order  to-  yield  the 
received  power. 

Qualitatively,  the  process  by  which  the  backscatter  modulation  is 
produced  is  as  follows:  a  wave  is  transmitted  via  the  ionosphere,  and 
if  its  polarization  is  linear,  it  generates  equal-amplitude  6  and  x  waves 
which  travel  to  the  rough  surface  of  the  sea.  In  general,  there  are  an 
infinite  number  of  such  "rays"  which  emanate  from  all  elevation  angles 
and  azimuths.  Each  of  the  characteristic  waves  strikes  the  sea  surface, 
and  if  its  polarization  is  linear,  it  scatter'!  new  o  and  x  waves  which 
are  returned  to  the  receiving  antenna.  The  net  result  is  that  the  re¬ 
ceiving  antenna  sees  o  and  x  waves,  which  add  up  to  produce  a  linear  wave 
whose  orientation  could  change  to  produce  an  amplitude  modulation  on  the 
received  echoes;  this  is  termed  "polarization  modulation."  By  comparison, 
if  the  transmitted  polarization  is  circular,  only  one  characteristic  mode 
is  excited,  and  if  the  sea  were  polarization-independent,  only  one  mode 
Oiild-  be  reflected — thereby  causing  no  modulation  at  the  receiver.  If 
in  the  latter  case,  the  sea  still  generated  o  and  x  modes  from  the  single 
mode  transmitted,  the  interference  at  the  receiver  would  exist,  but  would 
be  different  than  in  the  first  case.  The  same  would  be  true  if  the  sea 
were  polarization-independent,  but  the  transmitter  excited  both  charac¬ 
teristic  modes. 

To  model  this  behavior,  it  must  first  be  realized  that  each  mode 
which  is  returned  to  the  receiver  is  gated  out  in  time  delay  by  the 
equivalent  pulse  resolution  (and  averaged),  so  that  the  constraint  on 
these  modes  is  that  their  time  delays  are  all  equal .  This  may  be  con¬ 
trasted  to  the  one-way  communication  path,  in  which  the  ranges  of  the 
modes  are  equal.  Therefore,  let  us  consider  a  particular  time-  delay, 
using  a  fixed  frequency .  Furthermore  Sweeney  Dlof.  47]  has  shown  both 
exper' mentally  and  by  using  the  3-dimensional  raytracing  program  developed 
by  ESSA  [Ref.  83],  that  the  lateral  deviation  of  o  and  x  rays  is  less 
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than  the  beamwidth  of  the  receiving  array,,  so  that  a  particular  azimuth 
may  also  be  assumed  at  which  the  o  and-  x  inodes  will  have  equal  amplitude. 
Since  the  scattering  surface  has  uniform  characteristics  from  one  point 
to  the  next,  it  scatters  exactly  the  same  from  point  to  point,  so  that 
the  constraint  of  constant  ground  range  need  not  be  made. 

Thus  we  will:  assume  constant  f,  T,  and  anci  derive  an  expression 
for  the  amplitude  of  the  received  energy  for  these  particular  parameters . 
(hater,  the  expression  will  be  integrated  over  tho  sounder’s  At,  AT,  and 
Aq>. )  To  form  such  an  expression,  we  must  account  for  the  modes  which 
arrive'  at  the  receiver  with  exactly  the  same  time-delay.  There  is  a 
transmitted  ordinary  mode  (o^_)  which  scatters1  and  produces  (in  general') 
both  ^n  o  and  an  x  mode.  Assume  that  the  o  mode  is  received  at  the  cor¬ 
rect  time  and  label  it  o  .  The  x  mode  will,  however,  not  return  with 

r 

the  correct  time  delay,  so  it  is  necessary  for  another  transmitted  o  mode, 

labeled  o',  to  produce  the  received  x  mode  ( x ')  which  will  derive  the 
t  I* 

correct  time  delay.  Likewise,  the  x^_  mode  produces  an  x^  mode,  and  the 

x  7  produces  the  o  '  mode.  Therefore,  in  ,general,  the  receiver,  adds  4  modes 
t  t 

(o  ,  o',  x  ,  x  ).  to  produce  the  net  amplitude  of  the  received  energy. 

V  V  V  Y  ' 

Figure  28  depicts  the  model  just  discussed,  except  that,  for  con¬ 
venience-  and  simplicity,  a  monostatic  sounder  geometry  is  depicted  and 
the  relative  separation  between  the  sounder  and  scattering  points  is 
greatly  exaggerated.  It  is  indicated  that  the  o^  and  o  modes  follow 
exactly  the  same  path  (since  their  time  delays  are  equal  by  recipro¬ 
city),  but  this  does  not  in  general  hold  tue  for  the  bistatic  geo¬ 
metry.  This  is  also  true  for  the  x  and  x  modes.  As  seen,  these  modes 

t  r 

land  on  (and  scatter  from)  different  ground  ranges,  but  it  is  remem¬ 
bered  that  the  total  group  paths  for  the  returned  modes  are  equal. 

Likewise,  the  x'  mode  is  scattered  from  somewhere  in  between  the  o 
r  r 

and  x  modes,  in  order  for  the  time  delay  of  all  three  modes  to  be 
equal.  The  same  is  true  for  the  o7  mode.  By  symmetry,  for  the  mono- 
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grea; 


static  sounder,  the  o'  and  o'  modes  follow  identical  paths,  as  do  the 

r  t 

x'  and:  x '  modes.  This  will  not  hold  true  for  the  bi static  case,  however, 
t  r 

Thus,  in  general,  there  are  4  transmitted  modes,  4  points  of  re¬ 
flection,  hence  4  received  modes  for  the  bistatic  geometry,  as  depicted 
in  Fig.  29.  The  four  mode  combinations  are  depicted  as  (o^ --  o  ), 

(x  --  x  ),  {o'--  x'),  and  (x'--  o'),  the  time  delays  of  which  are  equal, 
t  r  t  r  t  r 

This  case  will  be  considered  first;  then  the  next  section  will  illustrate 
the  simplifications  which  result  when  using  a  monostatic  sounder. 

We  can  proceed  to  define  the  phase  paths,  hence  the  equivalent 
polarization  rotation  of  the  returned  mode  combinations.  It  will  be 
convenient,  however,  to  divide  this  into  3  classes:  l)  The  sounding 
antennas  and  scatterer  are  lineariy  polarized,  which  proceeds  directly 
from  the  above;  2)  the  scatterer  is  polarization-independent ,  but  the 
sounder  is  linear;  3)  the  scatterer  is  linear,,,  but  one  of  the  sounding 
antennas  is  circularly  polarized. 

1.  Sounding  Antennas  and  Scattere,r  -Linearly  Polarized 

The  total  phase  paths  of  the  two  returned  o  modes,  P  and 

P  ,  and  of  the  x  modes,  P  „  and  P  .  can  be  written  as: 
o2  xl  x2 


Pol 

P  .  +  P  , 

ot  or 

Po2 

= 

P  /.  +  P  , 
x  t  or 

(-9) 

Pxl 

- 

P  .  +  P 
xt  xr 

Px2 

o  t  x  r  ’ 

whore 

P  denotes  the  phase  path 
ot 

of  the  o^  mode.; 

P  ,  the  o  mode, 
or  r 

etc. 

A  fixed  frequency,  time  delay,  and  azimuth 

are  still  assumed. 

For 

reference  purposes,  assume  that  all  of  these  phase  paths  ax’e  calculated 
or  measured  when  the  sounding  antennas  and  scatterer  are  all  vertically 


Characteristic-wave  modes  at  the  backscatter  surface, 
for  a=  bistatic  sounder. 


polarized.  The  effect  of  other  linear  polarizations  will  be  accounted 
for  later.  We  can  then  sum  two  pairs  of  o  and  x  modes,  to  form  two 
linearly-polarized  resultant  waves  at  the  receiving  antenna.  This  sum¬ 
mation  is  most  easily  understood  by  taking  .P  -  P  and-  P  -  P  „ 

ol  xl  o2  x2, 

which  gives  (after  rearranging  terms): 


P  -  P  =  (P  -  P  )  +  (P  -  P  ,) 
ol  xl  or  xr  ot  xt 

p  „  t  T»  _  =  '(p  ,  -  p  /  )  --  (p  /  -  p  /.  ) 

o2  x2  o  r  >*  r  o  t  x  t 


Equivalent  polarization-rotation  angles,  Q,  are  defined  from 
these  phase  paths  according  to: 


"l  '  f  -  rJ  +  (Pot  -  TFT  rITT 

o  1  x  EXIT 


Q2  “  F  C(Vr  "  Px/r)  "  (Po/t  ~  Px/t)]  TWJ  EXIT 

/I  v 


The  term  R  /i  R  I  is  equal  to  1.0  times  the  sign  of  R  ,  and  it  will  be 
x  x  x 

the  same  for  fl  and,  fl  ,  since- all  four  modes  arrive  at  the  receiver 

very  closely  spaced.  In  order  for  the  sign  to  be  different,  it  would 

be  necessary  for  a  downcoming  mode  to  be  "QL"  with  cos  0  positive  in 

c.ne  case-,  and  negative  in  the  other  (Appendix  A);  this  condition  is  not 

likely  to  occur.  Furthermore,  in  order  to  verify  that  the  sign  of  R^ 

did  not  change  for  all  of  the  experimental  conditions  -used  by  the  author, 

R,  and  R  were  calculated  at  the  bottom  of  the  ionosphere  (height  = 
o  x 

80  km),  assuming  X  «  1,  for  the  antenna  bearings,  frequencies,  and 
elevation  angles  used  in  the  experiments.  It  was  found  that  from  Lost 
Hills  and  Los  Banos  the  sign  of  R^_  was  always  negative  for  reception, 
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and  positive  for  transmission  into  -the  ionosphere  to  the  west.  These 
signs  are  reversed  when  sounding  to  the  east.  Moreover,  it  was  deter¬ 
mined  that  the  "QL11  approximation  was  always  valid  for  the  exiting  or 
entering  waves — which  means  that  they  wore  nearly  circularly  polarized 
all  the  time.  Allowing  for  the  sign  of  to  be  (+)  or  (-),  but  the 
same  for  all  modes,  we  can  define  the  following  equivalent  polarization 
rotation  angles: 


such  that  Q*  =  n  +  0  and  Q  =  Q'  -  Q'  .  It  is  not  clear  how  the 
1  r  t  2  r  t 

paths  for  P  and  P  ,  and  the  others,  are  determined*,  since  the  Con¬ 
or  xr 

strain!  of  constant  time  delay  applies  to  the  resultants  given  by 
Eq.  (9).  Thus  ‘it  may  be  difficult  to  calculate  these  angles  for 
the  bistatic  geometry .  For  the  moment,  however,  it  is  only  necessary 
to  see  that  they  exist,  and  that,  their  net  signs  are  determined  by 
whether  the  difference  in  their  respective  phase  paths  is  positive  or 
negative.  Section  4,  below,  will  discuss  this  further. 

Thus,, one  receives  the  equivalent  of  two  linearly-polarized  waves, 
which,  when  they  rotate  with  time,,  frequency,  time-delay ■,  or  azimuth 
can  produce  a  modulation  on  the  received  power.  However,  note  that 
the  reference  at  which  the  various  phase  path  differences  are  measured  or 
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calculated,  has  been  defined  as  that  for  which  the  sounuing  antennas  and 

scatterer  are  all  vertically  polarized.  To  account  for  this,  it  is 

first  noted  that  Q  and  Q/  have  phase  path  terms  which  include  only  o 
r  r 

and  x  paths  from  the  scatterer  to  the  receiver.  Likewise,  Q  and  0/ 

t  t 

contain  terms  for  o  and  x  modes  sent  from  the  transmitter  to  the  scatter¬ 
er.  Hence,  if  the  transmitting  antenna  is  rotated  from  the  vertical 

by  some  angle,  this  angle  will  modify  the  phase  paths  forming  Q  and  Q.' 

t  t 

by  an  amount  which  is  equivalent  to  a  polarization  rotation.  Thus,  if 
one  stands  behind  the  transmitting  antenna,  the  angle  between  its  polar¬ 
ization  and  the  vertical;  measured  in  the  CW  direction,  is  equal  to  an 
equivalent  positive  polarization  rotation,  denoted  A Q^..  Then,  if  the 
scatterer  is  linearly  polarized,  and  if  its  angle  relative  to  the  , vert¬ 
ical  is  measured’  CW  when  viewing  it  from-  the  transmitter.,  then  this 

angle  will  tend  to  subtract  from  AQ  (i.e.  the  scatterer  and  transmitter 

'  t 

polarizations  become  more  nearly  aligned).  Call  this  scatterer  angle' 

All  ,  which  is  thus  positive  when,  measured  .-in  the  CCW  direction  as 
st. 

viewed  from  the  transmitter.  Following  the  same  reasoning,  the  energy 

is  retransmitted  from  the  scatterer  with  a  polarization- rotation  "lead" 

in  the  positive  direction  when  measured  in  the  CCW  direction  when  viewed 

from  the  receiver.  This  angle  is  denoted  AQ  _ ,  and  is  equal  to  A Q  , 

sr  'st 

when  the  scatterer  has  the  same  polarization  when  viewing  both  the 

transmitter  and  receiver.  When  the-  receiving  antenna  is  approached,  its 

angle  from  the  vertical,  measured  in  a  CW  direction  as  viewed  from 

behind  it,  will  add  an  amount  AQ  .  Calling  Q  ,  Q;  ,  Q  ,  and  C/  the 

r  rn  rn  tn  tu 

"net"  polarizations,  then  all  of  this  is  summed  up  as 


109 


(13) 


n 

=  0 

An 

+ 

An 

rn 

r 

r 

sr 

) 

o' 

=  Cl' 

+ 

An 

+ 

AQ 

} 

rn 

V 

r 

sr 

n 

=  n 

+ 

AO. 

+ 

An 

j 

tn 

t 

t 

st 

0' 

=  n' 

+ 

An 

+ 

An 

j 

‘  tn 

t 

t 

st 

where  £fl  and  are  positive  when  measured  CW  and  when  standing 
behind  the  antennas  looking  toward  the  scatterer  Likewise,  0  and 
Qs ^  are  CW  positive  when  looking,  toward  the  sounder  from  behind  the 
scatterer. 

Assuming  that  the  downcoming  modes  ars  -circularly  polarized,  wo 
can  now  write  down  the  genei’al  expression  which  describes  the  way  in 
which  polarization  rotation  will  modify  the*  received  backscat.ter  ampli¬ 
tude.  Wo  note  that  we  receive  the  equivalent  lof  two  linearly-polarized 
waves,  whose  planes  of  polarization  have  rotated  through  angles  of 

Ui  +  0  )  and  (Cl'  -  Cl'  )  respectively,  with  respect  to  the  position* 

rn  tn  rn  tn  '  '  - - - '• - ; — 

of  the  receiving  antenna.  Hence,  if  we  define 


An  = 

An  t 

An  +  An  +  ao 

r 

t  sr  st 

An'  = 

An  - 

An  +  An  -an 

r 

t  Sr  st 

then  the  i  elative  (RMS)  receiver  voltage,  V  -t  (normalized  to  l.o)  is 
given  by 

V  -  4|cos  (Q  +  0  +  AQ)  +  cos  (Q/  -  Cl'  +  aqO  I  •  (is) 

r  r  t  r  t 

(Sounding  antennas  and  scatterer  linearly  polarized) 
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This  expression  is  generally  applicable  when  the  sounding  antennas  and 
scatterer  are  linearly  polarized,  but  not  necessarily  in  the  same  way. 

This  result  is  very  interesting,  because  one  could  change  one  or 
both  of  the  sounding  polarization  and  then  note  a  change  in  the  back- 
scatter  power  at  some  frequency,  time  delay,  and  azimuth.  As  an  example,, 
suppose  that  the  receiving  antenna  and  scatterer  are  vertically  polarized 
and  fixed,  but  that  the  transmitting  antenna  is  switched  from  vertical 

to  horizontal.  From  the  above,  when  the  transmitter  (T  )  is  vertical, 

x  — - - 

AO  =  A0/  =  0,  but  when  it  is  horizontal  AO  =  Afl'  =  ±  tr/2,  so 

that 

■jlcos  (0  +  0 !  )  +  cos  (0/  -  O')  I  , 
r  t  r  t 

( 16) 

4  (sin  (6  +  0  )  +  sin  (O'  -  O')  | 
r  t  r  t 

Thus,  in  general,  a  noticeable  change  in  receiver-  voltage  will  occur  when 
the  transmitter  polarization  is  switched  between  vertical  and  horizontal — 
providing  that  the  condition  .of  "fixed"  frequency,;  time-delay,  and 
azimuth  is  approximated. 

2.  Sounding  Antennas  Linearly  Polarized,  Scatterer  Polarization 
Independent 

If  the  scatterer  is  said  to  be  "polarization  independent,"  it 
is  meant  that  it  will  scatter  the  same  mode  which  impinges  upon  it.  An 
example  of  such  a  reflector  is  a  large,  flat  copper  sheet.  If  a  CW- 
circular  wave  strikes  it,  it  is  reflected  as  a  CCW  mode  (when  viewed  from 
behind  the  waves  in  each  case).  Both  the  incoming  and  i’eflected  waves 
will  satisfy  the  condition  in  the  ionosphei’e  which  enables  both  of  them 
to  propagate  as  o  modes  or  x  modes;  (i.e.,  the  sign  of  cos  9  is  different 
for  each  direction,  thus  accommodating  the  diffex-ent  rotations  of  the  two 
modes).  Hence,  an  o  mode  will  be  reflected  as  an  o  mode,  and  an  x  mode 


V  (T  vert)  = 
r  x 


V  (T  lioriz)  = 
r  x 
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as  an  x  mode;.  Therefore ,  the  cross-coupled  modes  combinations.1, 

and  x'  —  o' ,  are  eliminated, 
t  y 

Then,  referring  to  Eq.  ('12),  =  0*  =  0,  so  that 

r  "t 


/ 


i 

X 

r 


v  =  |  cos  (o  +  n  +  aq)  I  , 

r  r  t 

(Scattorer  polarization  independent,  antennas  linear) 


(17) 


where  it  is  also  true  that  AO  =  AO  =  0,  so  that  AO  =  AO  +  AO  .  If 

sr  st  r  t 

we  specify  the  receiver  to  be  vertically  polarized,  then  AO  =  AO  .  Hence, 

t ' 

when  the  transmitter  is  vertical,  AO  =  0‘,  and  when  it  is  horizontal, 

AO  =  tt/2  ,  so  that 


Vr(lx  vert)  =  | cos  (0^  +  0^)1  , 

V  (t  horiz)  =  | sin  (0  +  0  ) | 
r'  x  r  t 


(18) 


This  expression  says  that  the  peaks  and  nulls  will  exactly  interchange 

in  the  (hypothetical)  backscatter  record--manifest jng  changes  in 

(0  +  0  )  with  changes  in  time  delay,  frequency,  or  azimuth — when  the 
r  t 

transmit  polarization  is  switched  from  vertical  to  horizontal. 

We  see  that  if  the  scatterer  were  polarization-independent,  and 
if  (at  least)  one  of  the  sounding  antennas  were  circularly  polarized, 
then  we  eliminate  the  reception  of  all  but  one  of  the  four  modes.  In 
this  case  polarization  rotation  would  not  occur.  Likewise,  if  both  the 
transmitter  and  receiver  were  circularly  polarized,  polarization  rotation 
would  again  be  eliminated.  Hence  only  one  more  case  needs  to  be 
considered. 
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3 •  Scatterer  Linearly  Polarized,  One  Sounding  Antenna  Linear:, 

-the  Other  Circularly  Polarized 

In  this  last  ease,  we  receive  only  two  modes.  If  the  receiver 
is  vertical,  and  the  transmitter  circular,  the  received  phase  paths  are 
P  ,  and  P  ,  or  P  and  P  [Eq.  (9)],  depending  upon  whether  the  trans- 

Ui.  Xm  Om  AX 

mitter  excites  an  o  or  x  mode  (respectively).  If  we  reverse  these 

polarizations,  then  the  received  ohase  paths  are  P  „  and  P  .  or  P  , 

■  ol  o2  xl 

and  P  _ . 
x2 

We  must  now  combine  these  phase  paths,  subtracting  them  in 
such  a  way  that  a  difference  between  an  o  and  an  x  mode  exists.  -The 
results  have  a  different  form  than  before,  and  new  angles,  denoted  fif 
must  be  defined.  These  may  be  listed  in  the  same  order  above,  as: 


To  account  for  different  orientations  of  the  linear  elements 

(A^),  note  first  that  when  the  transmitter  is  circularly  polarized 

hQ  =  0 ,  and  a  difference  between  an  o  and  x  mode  occurs  over  the  re- 
t 

ceiving  path.  Thus,  A^  and  Ad^  contribute  to  tfl" .  It  is  also  true  in 
this  case  that  the  difference  between  like  transmit  modes  occurs. 
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Therefore,  the  effect  of  adding  a  phase  to  one  of  these  modes  by  rotat¬ 
ing  the  scatterer  polarization  from  vortical  is  cancelled',  when  the  other 


(like)  mode  is  subtracted.  Thus,  =0  when  the  transmitter  is  cir- 

st 

cularly  polarized. 

The  same  reasoning  may  be  applied  when  the  receiver  is  cir¬ 
cularly  polarized  and  the  transmitter  linear,  to  yield  &Cl"  =  A^  +  AO  . 

t  S  X 

Summarizing,  wo  have: 


AO."  =  A 0  =  AO  +  A  0 


r  sr 


AO"  -  AO"  =  AO.  +  AO  4_ 
3  4  *  t  st 


Hence, 


V  =  |  cos  (0"  +  A0"  ),| 

r  3  3 


(Scatterer  linear,  either  T  or  R  is  circular, 

X 

the  other  linear. )■ 


In  this  expression  0"  +  AO"  are  determined  from  equations  (19)  and  (-20)  as 

J  i) 

Q"  +  AO",  O"  +  Afi"  e tc.  where  j  =  1,  2,  3,  or  4.  It  is  clear  that  if 
112  2  -  - 

the  transmit  polarization  were  switched  from  linear  to  circular,  a  marked 
change  in  V  would  occur,  as  when  comparing  Eq.  ( 25")  or  (17)  to  (21’j. 

More  will  be  said  about  this  latc-r. 


4.  Further  Interpretations:  The  Sign  of  Pn  -  Px 

The  results  of  Appendix  B  show  that  an  o  mode  will  always 
accumulate  more  "phase  path  length"  compared  to  "group  path  length" 


than  will  an  x  mode  when  both  modes  travel  through  nearly  the  same  iono¬ 
sphere  in  nearly  the  same  direction.  Thus,  when  these  conditions  are 


satisfied,  and  when  the  group  paths  (i.o.,  time  delays)  of  an  x  mode 

and  o  mode  are  equal,  it  will  l.e  true  that  P  s  P  .  This  means  also  that 
— - -  o  x 

when  the  time  delay  of  a  sum  of  x  modes  equals  that  of  a  sum  of  o  modes, 

then  £P  ^  EP  . 
o  x 

Therefore,  referring  to  Eqs.  (lO),  (ll),  and  (12)  we  can  say 

that  the  sign  of  +  Cl^,)  is  equal  to  the  sign  of  Rx.  For  the  bistatie 

geometry,  however,  we  cannot  be  sure  that  this  always  holds  true  for 

and  Cl  individually, 
r 

Secondly,  if  incoming  modes  with  equal  time  delay  involve  the 
combinations  of  o  and  x  modes,  then  it  will  be  true  that  the  mode  com¬ 
bination  which  contains  the  greatest  number  of  o  modes  will  have  the 
greatest  total  phase  path.  However,  for  the  bistatic  geometry  (iat  least), 
we  cannot  determine  which  is  the  greater  of  two  modes  which  have  the  same 
number  of  o  and  x  modes.  Therefore,  we  cannot  specify  the  sign  (d'%  -  Cl^) 
in  general. 

We  can,  however,  say  the  following,  referring  to  Eqs.  (9): 

P  ^  P  and  P  ^  P 
xl  x2  o2  ol 


(or) 


(22) 


(P. 


xt 


+  P  ) 
xr 


*p/t 

o  t 


+  P 


x  r 


),  (P 


x  t 


P  /  ) 
P  r 


(P 


ot 


+  P  ) 
or 


Therefore,,  referring  to  Eq..  (.19),  the  sign  of  0^  is  the  same  as  (Clr  +  Of )  > 
since  the  difference  between  the  phase  paths,  determining  both  angles, 
is  greater  than  zero.  Furthermore,  since  |  =  |po_^  -  ^x^J ' 

and  since  always  involves  the  difference  between  o  and  x  modes 

(or  o  +  o  or  x  +  x  modes),  it  is  true  that 


(23) 
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This  last  result  means  that  if  the  receiver  and  scatterer  were  linear, 
and  the  transmitted  polarization  wore  switched  from  vertical  to  circular, 
then  comparison  of  Eqs.  (115)  and  (2l),  in  light  of  Eq.  (.23)  shows  that 


the  period  of  one  cosine  component  would  be  reduced — that  is,  the  changes 

in  (0  +  0  )  and  O’  with  changes  in  time  delay,  frequency,  or  azimuth, 

t  r  j 

The  consideration  of  a  monostatic  geometry  will  shed  more  light  on  t,his. 


C,  SIMPLIFICATIONS  WHEN  THE  SOUNDER  IS  MONOSTATIC 

Under  monostatic  conditions,  Fig.  28  applies  directly.  Therefore, 

P  =  P  =  P  ,  P  .  =  P  =  T'  ,  P  /  =  P  /  =  P  /,  and  P  ,  =  P  ,  =  P  /, 

ot  or  o  xt  xr  x  o  t  or  o  x  t  x  r  x 

so  tha  t  0  =0  =0  and  0;  =  Cl' .  Furthermore,  AO  =  AO  =  AO  . 

r  t  v  t  sr  st  s 

The  time  delays — hence,  the  "group"  paths,  P/ — of  the  o--o  and 

x--x  mode  combinations  are  equal.  Thus,  J?'  -  p' .  and  using  the  nota- 

o  x 

tion  of  Appendix  B,  the  paths  of  the  o  and  x  are  determined  using 


r- 


o  path 


d(^0) 


d(®Hx) 


x  path 


which  holds  for  X  «  1.  If  the  latter  condition  is  not  satisfied,  P  = 

o 

P  still  holds,  but  the  equation  for  P/  is  more  complicated, 
x 

For  the  o '  and  x '  modes ,  it  is  true  that  their  ranges  are  equal ,  and 

that  the  sum  of  their  group  paths  equals  twice  the  amount  given  ty 

Eq.  (24).  Thus,  to  determine  the  o^  and  x^  paths,  in  order  to  calculate 

P  f  and  P  / ,  we  have 
o  x 


Range  (o'  path)  =  Range,  (x'  path) 


/d(u)p-o)  r  d(tcp.x) 

-  ds  +  /  - r — 

cKt  I  du) 


d(  wp,  ) 


ds  .  (26) 


o  path 


x  path 


o  path 
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which  specifies  that  the  time  delays  of  the  mode  combinations  o/  -~x', 

biii 

x  --  o  ,  and  o  —  o  are  equal. 


1 .  Sounding  Antennas  and  Scatterer  linearly  Polarized 

Using  the  results  from  the  last  section,  Eq.  (li)  becomes: 

AO  =  t£\  +  AO  +  2  AO 

r  t  s 


AO'  =  AO  -  AO 


Equation  (l5)  becomes 


V  =  (l/?)  |  cos  (20  +  aO)  +  cos  (ACl')  |  , 


where  the  subscript  "m"  denotes  "monostatic."  When  the  scatterer  and 
receiver  are  vertically  polarized,  Eq.  ( 16)  eecomes: 


V  (T  vert)  =  (l/2)  | cos  (20)  +  l|  =  cos  (0)  , 

rm  x 

V  (T  horiz)  =  (-1/2)  |sin  ( 20)  h 

rm  a 

which  shows  that  nulls  appear  at  the  position  of  the  peaks  in  Y-  ,  when 
tlie  polarization  is  switched  from  vertical  to  circular,  and  the  peaks 
double  in  number. 


2:.  Sounding  Antennas  Linearly  Polarized,  Scatterer 
Polarization  -Independent1. 

Equation  (17)  becomes 

V  =  1  cos  (20  +  A0|  , 

rm 

and  '('18)  is  simplified  to 

V  (T  vert)  =  |cos  (20)  I  , 
rm  x 


V  (T  horiz)  =  Isin  (20)  I 
rm  x 
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3 . 


It  is  again  clear  that  the  character  of  the  receiver  voltage  fluc¬ 
tuations  with  changes  in  Q  and  fl"  will  be  different  for  the  two  trans- 

J 

mitter  polarizations.  For  the  monostatic  sounder  geometry,  the  following 
may  also  be  noted:  when  an  x -mode  becomes  an  x7  mode,  and  an  o  mode  an 
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V 


o/  mode,  such  that  the  x'  and  o'  modes  cover  the  same  ground  range,  it 

is  reasonable  to  assume  that  the  changes  in  phase  path  (P  -  P  /)  and 

o  o 

(P  -  P  /)  are  nearly  equal,  but  opposite  in  sign.  Stated  otherwise, 

(P  +  P  )  —  (P  /  +  P  /)  .  Further  justification  for  this  relation  is 
ox  o  x 

seen,  when  it  is  considered  that  the  o--o,  o  --x  ,  and  x--x  mode  combin¬ 
ations  cover  ground  ranges  which  are  very  nearly  equal  (raytracing  shows 
the  o--o  and  x--x  modes  to  be  about  500  meters  apart,  and  the  o--x  mode 
somewhere  in  between).  Thus,  changes  in  group  path  are  very  nearly 
equal  to  changes  in  phase  path  over  these  small  range  increments.  But, 
since  the  total  group  path  of  the  o'r-x‘  mode  equals  that  of  the  sum  of 
an  o  and  x  mode,,  and  since  each  sum  contains  an  "o"  and  "x"  mode,  it 
follows  that  the  net  phase  paths  should  be  approximately  equal . 

From  this  result,  it  is  seen  that 

ft"  —  ft  (monostatic)  ,  (37) 

3 

which  satisfies  Eq .  (35). 

Examination  of  Eq..  (36.)  in  light  of  (37)  means  that  the  character 
2 

of  V  changes  from  cos  (ft)  to  approximately  [cos  (0)  |  when  the  trans¬ 
mitter  polarization  is  switched  from  vertical  to  circular.  There  may  be 

a  constant  phase  difference  between  ft",  and  Q,  but  this  is  neglected,  as 

3 

it  is  not  important  in  determining  the  relative  shape  and  period  of  V 

rm 

when  the  polarization  is  switched.  By  symmetry,  the  sarm  results- will 
hold  true  if  the  receiver  polarization  is  circular  and  the  transmitter 
is  linear. 

D.  THE  CALCULATION  OF  TOTAL  BACKSCATTERED  POWER,  INCLUDING  POLARIZATION 
MODULATION 

The  last  two  sections  have  yielded  formulas  for  the  behavior  of  the 
received  voltage  in  response  to  a  backscattcr  signal  which  undergoes 
different  amounts  of  instantaneous  polarization  rotation.  These  equations 
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for  wore  derived  while  assuming  a  particular  time  delay,  frequency, 
azimuth,  and  time  of  day  (all  of  which  wore  constant).  When  an  actual 
backseat  tor  record  is  made,  however,  it  will  bp  true  that  any  expression 
fer  backscattcr  power  at  discrete  f ,  T,„  and  co  must  bo  integrated  over  the 
frequency  beamwidth  (Af),  time-delay  -resolution  (At),  and  the  azimuthal 
bcamwidth  (A©)  specified  by  the  sounder.  This  integration  determines 
the  energy  returned  from  the  minimum-size  backscatter  resolution  cell, 
and- must  be  repeated  for  all  frequencies,  time  delays,  and  azimuths  en¬ 
countered  while  recording  the  backscatter  record.  It  will  be  assumed, 
however,  that  the  data  are  recorded  sufficiently  rapidly  to  exclude  the 
necessity  of  considering  changes  in  0  with  time  of  day.  This  latter  as¬ 
sumption  is  equivalent  to  saying  that  the  integration  time  of  the  spec¬ 
trum  analyzer  (see  Chapter  III)  is  much  less  than  the  time  for  0  to  change 
by  tt/2  radians.  But  the  integration  time  was  always  less  than  1  sec,  and 
the  time  for  the  0  charge  is  typically  15  sec  or  more  [Ref.  56],  so  the 
assumption  is  valid. 


1.. 


The  General  Technique 


Much  work  has  been  done  to  describe  the  behavior  of  backscatter 
amplitude  analytically,  so  that  it  may  be  calculated  using  computer  ray¬ 
tracing.  Croft  [Refs.  84,  85]  developed  the  general  method  applicable 
to  two  dimensions— no  changes  in  the  ionosphere  with  azimuth— while 
Georges  and  Stephenson  [Ref.  59]  extended  the  method  to  three  dimensions. 
This  previous,  work  was  quite  justified  in  ignoring  polarization  modula¬ 
tion,  since  it  has  become  clear  that  the  smaller  sounding  antennas — 
normally  encountered  at  HF — have  beamwidths  whiclv  are  too  broad  to 
resolve  the  effects  of  polarization  rotation.  It  is  clear,  however, 
that  the  present  theory  must  account  for  the  effect  of  the  earth's 
magnetic  field  when  calculating  backscatter  amplitude. 

The  backscatter  power,  dP  .,.  from  the  sea  can  be  written  as 

r 

dP  =  KG  Go  dtp  dT  ,  (38) 

r  r  ,t  ,o^ 

where  the  symbols  have  already  been  defined  except  for  K.  The  latter 

accounts  for  the  transmitted  power,  range  attenuation,  antenna  capture 

area,  angle  of  elevation  dependence,  ionospheric  focusing  enhancements ,- 

and  ionospheric  absorption..  It  is  here  that  Croft's  techniques  prove 

most  valuable,  in  that  computer  raytracing  can  be  employed  to  calculate 

the  fluctuations  in  K.  Tp  construct  a  synthetic  backscatter  record,  a 

receiver  bearing,  frequency,  and  time  delay  are  chosen,  and  dP  is 

r 

integrated  over  all  azimuths  and  within  the  time-delay  resolution  AT. 

Assuming  that  the  bearing  is  constant,  new  frequencies  and  time  delays 

are  chosen  and  the  process  is  repeated  until  the  record  is  completed. 

In  general,  the  transmitter  azimuth  c o'  can  be  found  from  the  receiver 

azimuth  cp ;  and  the  time  delay  T  represents  the  sum  of  the  time  delays 

from  transmitter  to  scattering  point,  T  ,  and  that  from  scatterer  to 
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the  receiver,  t  .  ii  the  bistatic  .separation  is  groat,  raytracing  over 
r 

both  the  transmit  and  receive  paths  may  bo  necessary.  For  a  monostatic, 
or  nearly  monostatic  sounder,  the  integration  in  Eq,  (38)  is  obviously 
greatly  simplified. 


2.  Including  Polarization  Modulation 

To  include  the  effect  of  the  earth's  magnetic  field,  ,it  is 

necossary  in  general  to  compute  the  deviation  of  the  o  and  x  modes  from 

the  "no  field"  rays,  account  for  the  differential  absorption  of  these 

two  characteristic  waves,  and  finally  to  calculate  the  effect  of 

polarization  rotation  on  the  receiver  voltage.  For  the  purpose  of 

modeling  "polarization  modulation,"  it  was  already  assumed  that  the 

lateral  deviation  of  the  modes  and  their  differential  absorption  were 

small  enough  to  be  neglected..  These  assumptions  appear  to  be  very  good 

in  practice,  and  the  only  exception  is  that  one  occasionally  observes 

a  large  difference  in  signal  strength  between  the  o  and  x  modes.  This 

circumstance  is  rare,  however,  as  testified  by  the  great  amount  of 

one-way  propagation  data  containing  signal  fluctuations  due  to  the 

interference  between  o  and  x  modes  causing  polarization  rotation. 

Having  made  these  assumptions,  the  expression  for  dP^  can  be 

made  to  include  polarization  modulation  by  multiplying  it  by  the  appropriate 
2  2 

expression  for  V  (or  V  ).  Since  V  can  varv  rapidly  with  frequency, 
r  rm  -  r 

however,  it  is  now  necessax'y  to  compute  its  average  over  Af..  The  equa¬ 
tion  for  the  average  received  power,  <P  >,  can  then  be  written  as 

r 


"1  9 

<  P  (f  ,T,co)>  =  -  f  I  r  Xa  G  G  v“  dep  dT 
r  Af  " „  .  J  o  r  t  r 

Af  At  (0 


df 


(30) 
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1 


If 


3;  The  Ability  to.  Detect  Polarization  Modulation 
2 

Since  V  contains  terms  involving  sines,  cosines,  and  constants, 

r  ,  .  2 
ii'  the  heavily  weighted  part  of  the  integration  in  Eq.  (39)  carries  V 

r 

through  one  or  more  half  cycles  in  Af,  At,  or  cp,  one  will  not  detect  a 

noticeable  difference  in  <P  >  between  two  time  delays,  frequencies,  or 

r. 

azimuths,  due  to  the  rotation  of  polarization. 

We  can  visualize  this  more  clearly  by  first  noting  that  the 

most  heavily  weighted  portion  of  Eq.  (39)  is  probably  due  to  the  antenna 

gain  product  G  G  .  To  investigate  this,  G  G  d^  was  integrated  using  a 
r  t  r  t 

digital  computer,  as  described  in  Appendix  C.  From  this  the  equivalent 

beamwidth,  A9  ,  is  computed  which  is  defined  as 
e 


G  G  dtp, 
r  t 


(40) 


It  is  normally  found  that  when  G  =  G  ,  Acp  is  the  -3  dB  beamwidth  of 

r  t  e 

the  sounding  antenna  [Refs.  41,  -86],  For  the  Los  Banos-Lost  Hills 

antenna  system  it  is  found  that  A<p  is  close  to  the  -6  dB  beamwidth  of 

e 

G^,  and  this  result  should  be  independent  of  the  radio  frequency.  It 
was  o;lso  computed  that  the  contributions  to  the  integral  were  down 

13  dB  outside  the  main  beam  of  G  ,  and  were  down  about  8  dB  outside 

"  r  ~ 

A tp  .  Therefore,  it  is  clear  that  the  most  significant  portion  of  G  G 
e  r  t 

is  that  spanning  A<P  . 

e 

To  first  order,  we  can  then  estimate  the  expected  variation 

in  backscatter  power  due  to  polarization  modulation.  First,  assume 

that  Ka  G  G  changes  very  little  over  Af  and  Atj;  (i.e.  ,  that  its  average 
o  r  t 

is  equal  to  its  "midband"  value).  This  is  a  very  good  assumption. 
Secondly,  assume  that  the  contributions  from  this  factor  are  negligible 
outside  A<p  .  Since  a  to  the  east  is  from  the  land,  its  average  value 

G  O 
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should  be  at  least  one-tenth  that  over  the  Pacific.  It  is  therefore 

really  assumed  that  K  is  no  larger  to  the  east  than  10  times  its  value 

to  the  west.  A  previous  calculation  [Ref.  2l]  shows  that  this  is  a 

good  assumption.  Having  made  these  assumptions,  Ka  may  be  removed 

9 

from  the  integration.  Then,  if  V.  =  1  over  A<P  in  one  range  cell,  and 

r  e 

V  =0  in  another,  the  difference  in  amplitude  between  these  two  range 
r 

colls  will  be  at  least  8  d!3.  But,  if  the  backscatter  from  east  and 
west  is  separated,  (as  in  Fig.  26),  this  variation  could  be  much  greater. 

As  a  consequence  of  the  above  discussion,  we  can  define  the 
following  as  the  criterion  for  the  detection  of  polarization  modulation : 

2  1  '9 

v  ( f ,t ,<o)  s  — — — - —  r  r  r  v^dw-.dr  df  (41) 

r  if  At  At>  J  "  r  • 

e  Af  At  Aco 

e 


where  Acp  is  the  -6  dB  beamwidth  of  G  .  This  specifies  that  the  average 
2  e  r 

of  v“  over  the  resolution  cell  (At  A <p^)  and  frequency  bandwidth  is  approxi¬ 
mately  equal  to  its  value  at  discrete  f,  t,  and  cp.  As  a.  pictorial  example 

of  this,  consider  the  simple  result  for  V.  given  by  Eq.  (29 ):,  and 

rm 

consider  the  transmitter  polarization  to  be  vertical,  so  that  V  = 

2  ’  rm 

cos  Q.  The  drawing  in  Fig.  30  intends  to  show  lines  of  constant 

vertical  polarization  (Q  =  0,  rr,  2tt,  etc.)  in  the  At  Acp  plane  at  con- 

e 

stant  frequencies,  f  >  f  >  f  .  When  the  lines  are  extended  to  new 

O  1 

frequencies,  surfaces  of  constant  polarization  in  the  At  Acp  Af  volume 

e 

are  traced  out,  as  shown.  In  this  case,  we  see  that  for  a  fixed  location 

and  value  of  At,  and  fixed  Acp  ,  as  f  increases  a  given  line  moves  toward 

e 

lower  T  until  one  line  is  lost,  and  a  new  one  added.  Since  more  than 
one  surface  intersects  the  volume  in  Fig.  30,  Eq.  (4l)  is  not  satisfied. 
If,  however,  AT  wore  red’iced  by  something  greater  than  a  factor  of  two- 
while  not  making  Af  =  1/At  too  large — it  is  evident  that  polarization 
modulation  would  be  detected  in  the  hypothetical  backscatter  record. 


4 


u 


SURFACES  OF 


Figure  30.  Sketch  showing  the  way  in  which  the  ability  to  detect 
polarization  modulation  may  be  visualized.  Tne  shaded 
surfaces  are  those  of  constant  polarization  for  the 
monostatic  geometry. 
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E.  AN  APPROXIMATE  COMPUTER- RAYTRACING  INTERPRETATION 

Using  the  computer  program  developed  by  Croft  [ftefs.  81,  82], 
which  was  referred  to  at  the  beginning  of  this  chapter,  one  may  compute 
approximately  how  polarization  rotation  varies  with  range,  frequency, 
and  azimuth.  The  method  assumes  that  the  "QL"  approximation  is  valid 
over  the  entire  ray  paths.?- as  is  commonly  true  when  tracing  rays  between 
the  ground  and  satellites  at  very  high  frequencies.  Dulk  [Ref.  77] 
achieved  good  correspondence  between  measured  and  calculated  polarization 
rotation  using  this  method- -even  when  rays  became  perpendicular  to  the 
earth's  magnetic  field  lines..  There  is  currently  some  debate  about 
the  reliability  of  this  method  when  applied  to  oblique  propagation, 
especially  when  radio  waves  do  not  really  satisfy  QL  conditions.  Epstein 
discussed  this  briefly  [Refs,  44,  45].  Since  the  methoa  often  computes 
values  of  Q  which  agree  with  those  calculated  by  tracing  individual  o  and 
x  modes  [Refs.  81,  82],  the  author  is  inclined  to  accept  its  results  as 
providing  at  least  a  rough,  first-order  indication  of  the  variation  of 
Q  with  time-delay,  frequency,  and  azimuth.  It  is  felt,  however,  that 
one  should  not  attempt  to  use  the  method  to  compute  a  ’’total  Faraday  ro¬ 
tation"  over  a  given  oblique  path  unless  it  is  known  that  the  QL  approxi¬ 
mation  is  always  valid,  or  at  least  that  the  ray  does  not  become  perpen¬ 
dicular  to  the  earth's  magnetic  field. 

The  computer  program  traces  a  single  ray  through  the  ionosphere, 

using  the  no-field  expression  for  g  (Appendix  A),  while  the  incremental 

increase  in  P^  -  is  calculated  and  summed  along  this  path.  One 

finds  that  a  confusion  over  the  proper  sign  of  Q  can  develop,  but 

2 

this  will  be  of  no  consequence  in  what  follows,  since  cos  0  is 
evaluated.  Two  types  of  ionospheres  were  chosen:  Those  with  an  E 
and  F  layer,  others  with  F  and  F9  layers.  The  first  is  typical  for 
wm  ter- day  time  conditions,  the  second  for  the  summer.  The  equation 
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for  electron  density,  N,  versus  height,  h  is  given  by  the  Chapman 
function  used  by  Croft  [Refs.  81,  84]  and  Barnum  [Ref.  87]: 


I* 


N(h)  =  Nq  exp  [1  -  z  -  e  Z] 
h  -  h 

z  = _ m 

hg  (42) 

=  height  of  maximum  density,  NQ 
hg  =  a  scale  height 


Table  2 


PARAMETERS 

USED  FOR 

IONOSPHERES 

Ionosphere 

N  elec/cj,  r 

h„  (1,H> 

h  (km) 
s 

h  (km) 

M61 

E 

io4 

130 

30 

50 

s 

h 

£ 

163 

F 

io6 

300 

65 

164 

s 

h 

£ 

300 

M62 

E 

io5 

130 

25 

55 

£ 

h 

£ 

180 

F 

io6 

300 

65 

181 

£ 

h 

£ 

300 

M63 

F1 

4.5  (10)5 

200 

50 

50 

£ 

h 

<; 

227 

F2 

io6 

300 

65 

228 

<r 

h 

£ 

300 

M61K 

same 

as  M61,  but  with  N  replaced  by  1.48 
0 

N 

o 

M63K 

same 

as  M63,  but  with  Nq  replaced  by  1.48 

N 

o 

Table  2  lists  the  parameters  used  for  the  different  ionospheres.  A 
dipole  magnetic  field  was  assumed  for  the  earth,  vith  its  coordinates 
misaligned  with  the  geophysical  coordinates,  placing  its  South  pole 
near  Thule,  Greenland  [Refs.  56,  88].  The  upper  (Pederson)  ray  propa¬ 
gation  was  assumed  to  be  of  lower  amplitude,  hence  it  was  neglected. 
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The  first  set  of  ray  tracings  was  clone  with  ionospheres  "M6l", 

"M62",  and  "M63",  at  a  constant  bearing  of  270  deg.  from  I, os  Banos. 
Choosing  constant  frequencies  between  10  and  28  MHz,  0  was  calculated 
versus  time  delay  and  plotted  as  a  family  of  curves  parametric  in  fre¬ 
quency.  Assuming  a  monostatic  sounder  geometry,  and  that  the  trans- 

2 

mitter,  receiver,  and  scattorer  are  all  vertically  polarized,  V  =  cos  0, 
Eq .  (29).  Thus,  Cor  this  geometry  it  is  meaningful  to  plot  the  locus  of 
constant  Ci  =  iV7,  which  therefore  gives  the  position  of  maximum  signal  in 
the  time-delay  frequency  plane.  This  was  done  graphically  by  stepping 
u  in  intervals  of  n  radians  (or  l/2  turns  in  rotation),  and  recording 
the  Lime  delays  at  which  the  parametric  curves  intersected  each  value  of  0, 
These  points  were  then  transferred  to  the  time-delay  frequency  plane, 
and  then  connected  by  best-fit  lines.  The  time-delay  scale  was  doubled 
to  account  for  the  two-way  backscatter  propagation  time.  The  results 
for  these  first  three  ionospheres  are  shown  in  Figs.  31  to  33.  Each 
line  represents  a  line  of  constant  (vortical)  polarization. 

Neglecting  all  other  properties  which  affect  backscatter  amplitude, 
it  is  still  apparent  that  the  periodicity  and  general  character  of  the 
lines  closely  resemble  L  ose  in  the  experimental  data  in  Figs.  17  to  27. 
When  the  maximum  density  oi  the  E  layer  was  increased,  Fig.  32  shows 
that  a  new  leading  edge  (from  the  E  layer)  is  seen  on  the  synthetic 
record.  This  occurrence  seems  to  explain  the  data  in  Fig.  23  quite 
well.  Figure  33  shows  that  the  summer  ionosphere  produces  lines  which 
are  more  closely  spaced,  and  therefore  more  \fficult  to  resolve. 

Moreover,  the  lines  from  the  F^  layer  are  superimposed  on  those  from 
the  F  layer  over  a  large  range  of  frequencies  and  time  delays.  To 
first  order,  this  could  explain  why  polarization  modulation  is  not 
apparent  on  backscatter  data  recorded  in  the  summer- -except  perhaps 
at  the  longos  t  t imo  delays . 


TIME  DELAY  (.msec) 


M6I 

270  DEG. 
£l  =  n  it 


16  18  20  22 
FREQUENCY  (MHz) 


Figure  31.  Synthetic  backscatter  plot  showing  lines  of  constant 
poiarization.  An  F  layer  of  106  electrons/cm3  and 
an  E  layer  100  times  smaller  are  assumed  for  winter 
conditions. 
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gure  32;  Sama  as  Fig.  31,  but  the  E  layer  is  assumed  10  times 
larger.  The  "thumbprint"  phenomenon  correlates  very 
well  with  experimental  data. 
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sec ) 


The  second  set  of  raytracings  was  dona  at  20  MHz,  using  ionospheres 
".M61K"  and  "M63K" .  The  new  M61K  is  different  from  M61  in  order  to  match 
the  minimum  time  delay  of  the  synthetic  backscatter  with  certain  experi¬ 
mental  data.  M63K  was  different  from  MP3  in  order  to  make  a  consistent 
F-layer  size  for  Figs.  3d  and  35.  The  effect  of  these  changes  is  small, 
and  for  the  present  purpose  we  may  ignore  them  entirely.  The  raytracings 
were  done  as  before,  except  that  different  azimuths  wore  used.  Thus, 
the  computer  output  was  plotted  as  before,  but  parametric  in  azimuth 
rather  than  frequency.  Values  of  Cl  =  nn  were  again  assumed,  and  lines 
of  constant  ^ vertical)  polarization  were  plotted  in  the  time-delay 
azimuth  plane.  Assuming  a  0.5  deg  antenna  beamwidth,  it  is  apparent 
from  Figs.  34  and  35  that  Eq.  ( 41 )  can  be  satisfied  in  the  winter,  but 
not  during  the  summer  at  the  time  delays  shown.  Furthermore,  the  use  of 
a  2  deg  beamwidth  or  more  would  render  the  lines  undetectable  during  the 
daytime  for  both  seasons. 

F .  CONCLUSIONS 

The  theory  just  described  could  explain  the'  observed  periodicity  and 
continuity  of  the  new  type  of  line  families  described  in  the  last  chapter. 
Since  polarization  modulation  should  become  visible  only  when  the  mag¬ 
nitude  and  polarization  properti es  of  the  scatterer  are  relatively  constant, 
the  fact  that  lines  are  seen  only  over  the  sea  can  be  explained.  The 
results  using  the  approximate  computer  raytracing  method  show  that  the 
lines  become  more  dense  near  the  backscatter  leading  edge,  and  can  curve 
around  to  resemble  a  thumbprint.  These  also  agree  with,  the  experimental 
da  ta . 

The  next  chapter  will  give  experimental  proof  that  the  new  type  of 
line  families  are  caused  by  polarization  rotation. 


TIME  DELAY  (msec) 


Figure  34.  Synthetic  backscatter  showing  lines  of  constant  polarization 

in  the  time  delay-azimuth  plane,  assuming  a  winter  ionosphere. 
Shows  why  large  antenna  beamwidths  cannot  resolve  polarization 
modulation. 
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Figure  35.  Same  as  Fig.  34,  but  using  a  summer  ionosphere.  Even  the 
Los  Banos  array  should  not  be  able  to  resolve  polarization 
modulation  during  the  summer,  as  observed  experimentally. 
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VI.  EXPERIMENTAL  EVIDENCE  OF  POLARIZATION-MODULATION  ON  SEA  BACKSCATTER 


The  purpose  of  this  chapter  is  to  demonstrate  the  way  in  which  con- 
trolLing  of  the  transmitter  polarization  affects  the  new  type  of  modu¬ 
lation  on  sea  backscatter.  Two  types  of  experiments  were  performed.  In 
the  iirst(  the  transmitter  polarization  was  switched  between  vertical  aid 
elliptical  polarization  for  alternate  wide-swept  frequency  records.  In 
the  second  experiment,  narrow-band  "fixed"  fiequency  data  were  recorded, 
wherein  the  transmitter  polarization  was  switched  between  vertical  and 
horizontal  every  10  seconds.  The  results  corresponded  ."ith  the  theoreti¬ 
cal  predictions  in  the  last  chapter,  and  prove  conclusively  that  the  back¬ 
scatter  modulation  was  associated  with  polarization  rotation. 

A.  TRANSMITTER  POLARIZATION  SWITCHED  BETWEEN  VERTICAL  AND  ELLIPTICAL 
1 .  Experimental  Data 

Figures  36  and  37  show  oblique  ionograms  taken  between  Los  BaStos 
and  Bearden,  Arkansas  (i.e.,  to  the  east  from  Los  Banos)  on  5  and  7  Feb¬ 
ruary  1969,  respectively.  These  data  were  recorded  at  nearly  the  same 
time  of  day,  before  each  day's  backscatter  run.  Figure  37  shows  a  modu¬ 
lation  of  the  1-hop  (lower)  trace  due  to  polarization  rotation  with  fre¬ 
quency  [Epstein,  Refs.  44,  45],  Figure  36  shows  this  condition  clearly 
only  near  the  maximum  usable  fiequency  (MUF) ;  and  it  is  conjectured  that 
o  and  x  modes  were  unequally  attenuated  over  other  portiens  of  these  data. 
Sweeney  [Ref.  471  has  shown  a  great  deal  of  data  which  demonstrates  that 
as  a  rule,  polarization  rotation  with  frequency  is  seen  much  more  often 
than  not.  This  has  also  been  the  author's  experience  while  operating  the 
system.  It  is  therefore  evident  that  the  Los  Banos  receiving  array  is 
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Figure  37. 


Same  as  Pig.  36,  except  taken  on  7  Feb.  1969,  at  t‘ie  same 
time  of  day. 
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usually  not  too  lai’ge  to  discriminate  against  polarization  rotation. 

Hence,  during  the  period  5-7  February  1969,  it  was  conjectured  that  the 
"thumbprint”  line  families  appearing  in  the  wide-f requency  swept  data  of 
Figs.  17-24  were  associated  with  polarization  rotation.  Indeed,  the 
periodic  nature  of  these  lines  closely  resembles  the  expected  behavior 
of  Vr  from  the  last  chapter. 

On  be tl  days,  the  erossod-LPA  system  was  used  at  the  transmitter, 
and  it  was  relatively  simple  to  feed  these  antennas  one  at  a  time,  or 
together  (out  of  phase).  On  5  February  id 69,  it  was  found  that  switching 
between  vertical  and  horizontal  polarization  on  alternate  records  pro¬ 
duced  no  consistent  difference  between  the  appearance  of  the  lines — either 
their  position  or  their  spacings.  It  was  believed  that  this  was  due  tc 
the  1  minute  time  lapses  between  these  records,  causing  the  lines  to 
change  because  of  the  passage  of  time. 

On  7  February  1959,  L’.ie  crossed  LPA  '  s  were- arranged  so  that 
they  could  also  be  fed  simultaneously,  out  of  phase,  as  described  in 
Chapter  III.  It  was  desired  to  transmit  nearly  circular  polarization  over 
some  portion  of  a  backscatter  record — at  some  frequency  and  slant  range. 
Figures  38,  39  and  40  show  the  results  of  the  experiment  in  which  the  trans¬ 
mitter  polarization  was  switched  between  vertical  (only)  and  the  phased 
condition  described  in  Chapter  III.  These  data  were  obtained  in  exactly 
the  same  fashion  as  in  Figs.  17-24.  The  system  parameters  are  listed  on 
the  figures.  When  the  transmitter  polarization  was  elliptical  it  was  de¬ 
noted  "circular",  as  the  latter  was  the  intended  polarization.  As  for 
Figs.  21-24  taken  on  the  same  day,  the  sweep  rate  was  500  kllz/sec.  However, 
the  records  in  Figs.  38  and  40  were  reprocessed  at  double  the  time  taken  to 
record  the  data,  so  that  the  effective  sweep  rate  was  250  kllz/sec  as  noted. 
This  circumstance  represents  only  a  reprocessing  convenience. 

From  Fig,  38  it  may  be  concluded  that  there  is  a  noticeable  dif¬ 
ference  between  the  thumbprint  lines  when  the  transmitting  polarization 
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2138  UT  2138:30  UT  2139  UT 


O 

o 

co 


I 


(w>l)39NVy  j.N\ns 


'X 


■ .. '-nis^'  y  « 


•  ^  L  *-5 

-  ‘  .  -vi _ »ci- _ lO 


I  I 


I  I 


cr 

< 

_j 

3 

O 

ce 


(D9SUJ)  AV130  3WI1 


ce 

3 

O 

ce 


z 
o 

5N 

coq: 

<  3 
CEO 
1-0. 


a 


CE 


Ui 

CD 


X 

JO 

O 

o 

ID 

a 

Wuj 
LU  in 
3St 

</1  CE 


2  to 
O  tn 

H*  oo 
<t  o 

CE 

o 

u  Cl) 
P-  5 
£h 


z  Si 
2  4. 
K  C0 

o  t: 
10  s 

UJ  _ 
CE  3 


Q> 

l— 

Q> 


(U 

TJ 


<l> 


to 

a> 

E 

<U 


a> 

<1> 


<u 

.c 


c 

o 

*4-» 

a 

a) 

u 

X 

a> 

a> 

-c 


co 

CO 


ca 

e 

a: 

CO 


a> 

co 


3 

O) 

il 


149 


processed  to  improve  resolution. 
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is  switched  between  vertical  and  so-called  "circular".  It  is  seen  that 
the  clarity  of  the  lines  is  reduced  when  the  polarization  is  "circular". 

From  Chapter  III,  it  may  be  concluded  that  cireu’arity  should  be  most  ncarls 
attained  at  the  lower  left  and  upper  right  portions  of  these  data. 

Figure  39  shows  some  of  the  data  of  Fig.  38,  but  more  highly 
resolved.  The  same  character  of  line  clarity  is  seen,  and  near  the  top 
half  of  the  data,  the  polarization  lines  are  temoved  almost  entirely — 
when  the  transmit  polarization  is  "circular".  Essentially  the  same  thing 
was  seen  3  hours  later,  as  shown  in  Fig.  40. 

2.  Comparison  With  Theory 

It  is  clear  that  when  lines  appear  in  the  data  their  spacings 
in  the  time-delay  and  frequency  dimensions  are  regular  and  periodic,  as 
predicted  by  the  expressions  for  Vr  which  contain  sines  and  cosines. 
Referring  to  the  work  of  the  last  chapter,  the  appropriate  theoretical 
predictions  of  the  character  of  received  voltage,  Vr,  versus  polarization 
rotation,  Q  ,  are  those  for  which  the  receiver  polarization  is  vertical. 

It  is  most  reasonable  to  assume  that  the  sea  also  favors  vertical  polari¬ 
zation.  Thus  it  is  true  that  (£1  =  All'  =  All"  =  0.  (This  will  also  hold 
if  the  sea  is  polarization-independent.) 

The  results  for  the  monostatic  sounder  given  by  Eqs.  (36)  and  (37) 
predict  that  enhancements  in  Vm  due  to  a  favorable  polarization  align¬ 
ment  will  be  less  discernable  for  circular  transmitted  polarization — as 
when  comparing  cos  0  to  |cos  Q| .  It  appears  that  something  similar  to 
t hi s  simplified  result  lias  occurred,  even  though  the  Stanford  sounder 
is  bistatic. 

The  expressions  for  Vr  when  the  sounder  is  bistatic,  and  when 
the  transmitter  polarization  is  switched  between  vertical  and  circular 
[Eqs.  (15)  and  (21)],  unfortunately  do  not  lend  themselves  to  ready  in¬ 
terpretation  or  comparison. 
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CONTROLLED -POLARIZATION  BACKSCATTER  FROM 
THE  NORTH  PACIFIC  OCEAN:  (4  NOV  69) 


Figure  41.  "Fixed-frequency"  SFCW  backscatter  from  the  Pacific  Ocean,  in  which 
the  transmitter  polarization  was  switched  between  vertical  and  horizontal 
polarization. 


Just  previous  to  the  time  at  which  these  data  were  recorded, 
wide-frequency-sweut  data  revealed  "thumbpx*int"  lines,  so  that  the  peri¬ 
odic  backscatter  enhancements  shown  in  Fig.  41  represent  a  cross  section 
of  the  lines  in  the  time  delay  dimension,  averaged  over  a  240  kHz  band¬ 
width.  Even  though  the  16  and  8  ji,sec  data  do  not  utilize  the  full  Af  in 
the  spectx'um  analysis,  this  type  of  display  prohibits  the  realization  of 
smaller  Af's — since  the  sweeps  are  repeated  once  per  second  and  are  closely 
spaced,  thus  causing  the  human  eye  to  average  over  what  might  be  a  se¬ 
quence  of  slanted  lines  at  each  enhancement. 

The  sweeps  were  short  enough  so  that  changes  in  the  line  struc¬ 
ture  from  sweep  to  sweep  were  very  small.  Therefore,  it  was  advantageous 
to  switch  the  transmitter  polarization  between  vertical  (MV")  and  hori¬ 
zontal  ("H")  as  noted  on  the  data.  This  made  the  two  polarization  states 
well  defined,  thus  escaping  the  uncertainties  which  arise  when  attempting 
to  transmit  circular  polarization.  For  convenience  in  data  display,  the 
polarization  was  switched  every  10  seconds  as  shown. 

The  results  of  Fig.  41  give  conclusive  proof  that  this  type  of 
modulation  on  sea  backscatter  is  associated  with  polarization  rotation. 

In  fact,  the  amplitude  of  the  backscatter  from  many  time  delays  can  be 
controlled  by  simply  changing  the  transmitter  polarization.  It  may  be 
noted  further  that  given  backscatter  enhancements  for  a  given  polariza¬ 
tion  slant  downwards  with  the  passage  of  time.  Hence,  at  a  constant  time 
delay,  the  backscatter  amplitude  fluctuates  with  time  of  day.  The  period 
between  a  maxima  and  minima  in  this  case  is  about  2  minutes  (extrapolating) 
which  agrees  with  past  measurements  of  polarization  fading  on  one-way- 
propagated  signals.  A  discussion  of  the  specific  patterns  of  the  polar¬ 
ization-modulation  fluctuations  will  be  given  later.  For  the  moment,  it 
is  sufficient  to  note  that  the  fluctuations  are  regular  and  periodic, 
as  predicted  by  the  equation  for  Vr. 
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The  dynamic  range  of  the  display  in  Fig.  41  is  about  10  dB. 

This  indicates  that  the  difference  in  backscatter  amplitude  between  a 
peak  and  a  null  is  also  about  this  much.  To  investigate  this  further, 
single  sweeps  occurring  at  2359:59  and  0000:02  UT  were  reprocessed  to 
display  backscatter  amplitude  versus  time  delay  (A  scans).  Figure  42 
shows  this.  A  portion  of  Fig.  41  is  included  for  ease  in  reference. 

The  record  at  2359:59  UT  is  actually  the  last  sweep  recorded  in  the 
continuous-time  data,  at  which  time  the  polarization  was  horizontal. 

The  second  data,  recorded  3  seconds  later,  was  that  for  which  the  polar¬ 
ization  had  been  switched  to  vertical.  This  segment  of  data  reveals 
a  periodicity  in  backscatter  amplitude;  and,  if  the  scans  for  the  two 
polarizations  are  carefully  compared,  one  notes  that  a  near  minimum 
in  backscatter  amplitude  shifts  to  a  maximum  after  a  period  of  just  3 
seconds — during  which  the  transmitter  polarization  was  switched,  The 
clearest  examples  of  this  occur  between  10.6  and  12.2  msec.  It  is  noted 
that  the  amplitude  displays  are  linear  in  voltage,  and  that  10  dB  ex¬ 
cursions  between  adjacent  peaks  and  nulls  are  hot  uncommon. 

The  data  shown  in  Fig.  43  were  recorded  just  a  few  minutes 
earlier  than  that  in  Fig.  42,  and  are  pi-esented  now  in  order  to  dem¬ 
onstrate  the  dependence  of  polai’ization  modulation  on  antenna  beam- 
width.  As  noted  on  the  figure,  appi’oximately  the  left  half  was  recoi’ded 
using  1/8  of  the  full  x-eceiving  ai’ray  (i.e.,  a  subarray)  or  a  -6  dB 
beamwidth  of  4.0  deg.  Then,  at  2351:45  UT  the  full  array  was  switched 
in  to  operation,  deci’easing  the  beamwidth  to  0.5  deg.  In  both  cases, 
the  x*eceiver  was  AGC  conti’olled,  so  that  the  average  receiver  output 
voltage  was  about  the  same.  When  the  full  ai’ray  is  used,  the  polai*- 
ization  modulation  "bars"  are  cleai’ly  discernible.  However,  when  a  single 
subari’ay  is  used,  it  is  difficult  to  identify  this  phenomenon.  It  is 
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CONTROLLED -POLARIZATION  BACKSCATTER  FROM 
THE  NORTH  PACIFIC  OCEAN :  (4  NOV  69) 


1/8  OF  FULL  ARRAY  - - — -  FULL  ARRAY 
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Figure  43.  Same  as  Fig.  41,  except  that  the  receiving  antenna  beamw'dth 
is  4.0  degs  on  the  left  and  0.5  deg  on  the  right.  This  record 
shows  the  effect  of  antenna  beamwidth  on  the  ability  to  resolve 
polarization  modulation. 
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probable  that  this  result  explains  why  polarization  modulation  has  not 
been  identified  by  other  workers  using  smaller  sounding  antennas. 

Figure  44  shows  data  that  were  taken  in  an  attempt  to  display 
the  behavior  of  polarization  modulation  with  azimuth  while  it  was  being 
observed  to  vary  with  time  delay.  Thus,  immediately  after  each  frequency 
sweep,  the  receiver  bearing  was  stepped  in  1/4  deg  increments.  The  data 
on  the  left  were  recorded  exactly  like  Figs.  41  and  43,  but  with  a  bearing 
scan  of  280°  to  275-1/4°,  as  noted.  The  data  on  the  right  were  taken  two 
weeks  earlier,  and  are  included  for  comparison.  From  the  previous  data 
we  expect  to  see  polarization  modulation  between  about  9.8  and  12.2  msec 
on  the  left  two  records.  A  careful  examination  of  the  data  between  tnese 
time  delays  reveals  periodic  sets  of  lines  which  slope  upwards  while  pro¬ 
gressing  to  the  right.  These  look  similar  to  those  which  appear  on  the 
data  for  22  October  1969,  although  one  cannot  say  for  sure  that  the  lat¬ 
ter  are  due  to  polarization  rotation.  The  heavy,  somewhat  blotchy  ampli¬ 
tude  enhancements  between  about  11.4  and  13.4  msec  on  the  left  are  most 
likely  caused  by  ionospheric-irregularity  focusing.  Reference  to  Geoi-ges 
and  Stephenson's  work  [Ref.  59]  supports  this  conclusion.  It  is  clear 
that  if  a  4.0  deg  beamwidth  antenna  had  been  used  at  this  time,  both  the 
polarization  and  focusing  variations  would  have  been  averaged  over,  which 
explains  the  data  in  Fig.  43, 

2.  Comparison  With  Theory 

The  results  of  Figs.  41-44  demonstrate  (on  the  day  of  measure¬ 
ment)  that  the  pulse  lengths  (At)  of  16  to  4  p,sec  are  obviously  small 
enough  to  render  the  polarization  modulation  detectable  over  most  oi 
the  data.  Indeed,  the  amplitude  peaks  are  spaced  by  100  to  200  gsec. 

It  is  also  clear  that  Af  and  Acp  for  the  full  array  are  small  enough. 

It  may  be  true  however,  that  Af  is  too  large  near  the  skip  distance  (or 
minimum  time  delay)  since  it  is  known  that  the  Faraday  rotation  with 
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probable  that  this  x’esult  explains  why  polarization  modulation  has  not 
been  identified  by  other  workers  using  smaller  sounding  antennas. 

Figure  44  shows  data  that  were  taken  in  an  attempt  to  display 
the  behavior  of  polarization  modulation  with  azimuth  while  it  was  being 
observed  to  vary  with  time  delay.  Thus,  immediately  after  each  frequency 
sweep,  the  receiver  bearing  was  stepped  in  1/4  deg  increments.  The  data 
on  the  left  were  recorded  exactly  like  Figs.  41  and  43,  but  with  a  bearing 
scan  of  280°  to  275-1/4°,  as  noted.  The  data  on  the  right  were  taken  two 
weeks  earlier,  and  are  included  for  comparison.  From  the  previous  data 
wo  expect  to  see  polarization  modulation  between  about  9.8  and  12.2  msec 
on  the  left  two  records.  A  careful  examination  of  the  data  between  these 
time  delays  reveals  periodic  sets  of  lines  which  slope  upwards  while  pro¬ 
gressing  to  the  right.  These  look  similar  to  those  which  appear  on  the 
data  for  22  October  1969,  although  one  cannoL  say  for  sure  that  the  lat¬ 
ter  are  due  to  polarization  rotation.  The  heavy,  somewhat  blotchy  ampli¬ 
tude  enhancements  between  about  11,4  and  13.4  msec  on  the  left  are  most 
likely  caused  by  ionospheric-irregular-?  ty  focusing.  Reference  to  Georges 
and  Stephenson's  work  [Ref.  59]  supports  this  conclusion.  It  is  clear 
that  if  a  4,0  deg  beamwidth  antenna  had  been  used  at  this  time,  both  the 
polarization  and  focusing  variations  would  have  been  averaged  over,  which 
explains  the  data  in  Fig.  43. 

2.  Comparison  With  Theory 

The  results  of  Figs.  41-44  demonstrate  (on  the  day  of  measure- 
men  c)  that  the  pulse  lengths  (At)  of  16  to  4  p.sec  are  obviously  small 
enough  to  render  the  polarization  modulation  detectable  over  most  of 
the  data.  Indeed,  the  amplitude  peaks  are  spaced  by  100  to  200  p.sec. 

It  is  also  clear  that  Af  and  Acp  for  the  full  array  are  small  enough. 

It  may  be  true  however,  that  Af  is  too  large  near  the  skip  distance  (or 
minimum  time  delay)  since  it  is  known  that  the  Faraday  rotation  with 
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TIME  DELAY  (ms) 


SWEPT-AZIMUTH  BACKSCATTER  FROM  THE 
NORTH  PACIFIC  OCEAN 

(5  NOV  69)  i  (22  OCT  69) 


LOS  BAROS  ANTENNA  BEARING  (deg) 


BEARING  SWEEP:  280°  —  275  1/4°,  l/4°/sec . i . 280°— 270°,  1/4° /sec 

FREQUENCY.  20.22  MHz .  . 29.22  MHz 

BANDWIDTH:  240  kHz  .  . 450  kHz 

SWEEP  RATE’  250  kHr/s,  I  SWEEP/sec . i . 500  kHz/s,  I  SV/EEP/sec 

INTEGRATION  TIME:  0.25,  0.5  sec . j . 0.25  sec 

ANTENNA  -6dB  BEAMWIDTH  :  0.50  DEG . } .  0.34  DEG. 


Figure  44.  Data  similar  to  Fig.  41,  except  that  the  transmit  polarization  was 
always  vertical  and  the  receiving  azimuth  was  scanned  in  time.  Tins 
record  shows  why  a  larger  antenna  beamwidth  will  average  over  tiv 
fine-scale  polarization  modulations,  as  proved  in  Fig.  43. 
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frequency  rate  increases  near  this  region.  This  probably  explains  why 
the  polarization  modulation  becomes  blurred  between  9.8  and  10.6  msec, 
as  it  also  blurs  near  the  backscatter  leading  edge  of  Figs.  38-40. 
Furthermore,  it  may  also  be  true  that  a  certain  amount  of  averaging  in 
the  frequency  domain  occurs  for  the  data  at  the  higher  time  delays, 
which  could  modify  the  expected  change  in  when  the  polarization  is 
switched.  However,  since  the  dynamic  range  of  the  polarization  modula¬ 
tion  is  about  10  dB,  it  appears  that  such  averaging  is  usually  minimal. 

For  a  vertical  receiving  antenna  and  scattei'er,  Eqs.  (29)  pre¬ 
dict  che  change  in  Vrm  for  a  monostatic  sounder  to  be  such  as  to  compare 
cos3  fi  (Tx  vert)  to  sin  (2Q) |  (Tx  horizontal).  The  general  results 
for  the  bistatic  sounder  give  Vr's  of  |cos  +  fi^)  +  cos  -  fi') | 

and  | sin  (Q^  +  Q^)  +  sin  (fi'  -  ftp |  [Eq.  (16)]  for  transmitter  (Tx) 
polarizations  of  vertical  and  horizontal,  respectively.  One  thus  expects 
to  see  a  shift  in  the  maxima  in  backscatter  amplitude  and  perhaps  a 
change  in  the  periodicity  for  the  two  transmit  polarizations .  It  is 
observed  in  Fig.  41  that  such  occurs.  Over  very  limited  portions,  one 
sees  something  similar  to  the  prediction  for  the  monostatic  sounder 
geometry.  In  other  portions  of  the  data,  such  as  around  12.6  msec, 
values  of  Q'  -  =  rr/4,  5n/4,  etc  would  yield  Vr’s  to  explain  the 

half-period  shifts  of  the  backscatter  enhancements.  It  is  also  true, 
however,  that  the  V  expressions  for  a  polarization  independent  scatterer 
[Eqs.  (18)]  would  yield  the  same  result  at  these  time  delays,  but  since 
it  fails  at  others,  the  data  and  theory  suggest  that  the  sea  is  not 
pol ari zation-independent . 

It  again  becomes  evident  that  unless  the  specific  relation 
between  ft  ,  ft^,  ft£,  and  ft'  is  known  for  the  bi static  sounder,  one 
cannot  uniquely  prove  the  theoretical  expectations  for  Vr.  It  is 
clear  beyond  reasonable  doubt,  however,  that  the  expected  character 
of  is  reproduced  by  the  data,  and  that  the  new  type  of  backscatter 
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amplitude  modulation  is  caused  by  the  rotation  of  polarization.  ]t  is 
probably  true  that  as  one  proceeds  higher  in  time  delay,  the  value  of 
(fl£  -  flp  ,  as  well  as  (Qr  +  Qt),  chant, 3  so  that  the  degree  of  period 
shift  in  amplitude  maxima  (with  change  in  polarization)  varies  with 
time  delay. 

C.  DISCUSSION 

The  periodic  behavior  of  the  line  families  in  the  backscatter  data 
clearly  resembles  the  expected  appearance  of  Vr  in  the  frequency,  azimuth, 
and  time  delay  dimensions.  The  fact  that  the  modulation  changes  when 
the  transmitter  polarization  is  switched,  gives  conclusive  proof  that 
polarization  rotation  accounts  for  this  new  type  of  behavior.  Also, 
the  dynamic  range  of  the  modulation  was  about  10  dB  as  expected 
theoretically. 

The  changes  in  the  position  and  periodicity  of  the  polarization 
modulation  in  the  data  can  be  explained  using  an  appropriate  Vr  expres¬ 
sion  from  the  last  chapter;  however,  since  the  sounder  is  bistatic,  it 
was  not  uniquely  possible  to  verify  a  single  expression  for  Vr  from  the 
theory.  It  is  clear  that  if  the  expressions  for  are  to  be  verified 
exactly,  a  monostatic  sounder  would  be  extremely  useful.  More  theoreti¬ 
cal  work  regarding  the  bi static  geometry  is  also  needed. 

Although  the  frequency  bandwidth,  A'f>  may  have  been  too  large  in 
some  portions  of  the  data  in  Figs.  41-44  to  satisfy  Eq.  (41),  both  it 
and  At  were  small  enough  at  other  time  delays  to  permit  polarization 
modulation.  These  Af  and  At  are  not  difficult  to  obtain,  and  many 
other  workers  have  done  so.  It  was  shown  that  antenna  beamwidtli,  Acp , 
is  really  the  major  constraint  on  the  visibility  of  the  modulation,  from 
which  it  is  concluded  that  "polarization  modulation"  is  not  likely  to 
be  seen  using  an  east-west  backscatter  path  when  smaller  antennas  are 


168 


used.  For  example,  over  the  Pacific-Ocean  path  the  use  of  a  4  deg 
-6  dB  beamwidth  renders  the  polarization  modulation  undetectable. 
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VII.  CONCLUSION 


It  will  be  recalled  that  the  purpose  of  the  research  described 
herein  was  to  investigate  a  new  type  of.  periodic  modulation  on  back- 
scatter  echoes  from  the  sea.  This  modulation  first  appeared  on  swept- 
frequency  backscatter  data  of  which  Figs.  17-24  are  typical.  The  purpose 
has  been  fulfilled  as  follows: 

A.  SUMMARY  OF  RESULTS 

A  brief  history  of  general  backscatter  research  was  given,  then  the 
topic  was  narrowed  down  to  the  consideration  of  sea  backscatter  alone. 

In  particular,  it  was  noted  that  the  sea  possesses  a  "resonant" 
scattering  behavior,  whereby  the  sea-wave  components  (in  the  continuous 
sea-energy  spectrum)  whose  crests  are  spaced  by  half  the  radio  wave¬ 
length  usually  do  most  of  the  backscattering.  In  view  of  this,  and 
because  the  energy  in  these  sea  waves  "saturates"  at  moderately  low  wind 
speeds  (10  -  15  knots),  the  sea's  cross  section  per  unit  aroa  should  be 
much  more  continuous  than  the  land's,  versus  range  and  azimuth  from  the 
sounder.  On  the  basis  of  these  observations,  a  theory  was  developed  by 
others  which  predicts  that  the  sea's  backscatter  cross  section  per  unit 
area  should  be  primarily  vertically  polarized  at  elevation  angles  below 
30  deg.  This  theory  agrees  with  previous  experimental  measurements  at 
both  HP  and  microwave  frequencies,  but  more  HF  measurements  of  the 
magnitude  and  polarization  dependence  of  the  sea-backscatter  crops  sec¬ 
tion  are  clearly  needed.  Using  the  2,5  km  receiving  array  and  the  Sl’CW 
waveform  described  herein,  one  can  achieve  areas  of  illumination  more 
highly  resolved  than  ever  before.  Hence,  it  is  possible  to  isolate  and 
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study  now  features  of  sea  backscatter.  The  first  evidence  of  this  came 
when,  during  routine  recordings  of  sea  backscatter  during  the  fall  and 
winter  months,  it  was  found  that  tne  more  highly-resolved  data  revealed 
a  new  type  of  modulal ion — periodic  in  time-delay  and  frequency — which 
usually  resembled  thumb, rials  on  the  time-delay-frequency  plots.  Super- 
f icially-similar  tines  had  been  seen  on  backscatter  data  before,  but 
these  already  had  been  explained  as  resulting  from  ionospheric  focusing, 
The  "thumbprint"  lines  were  decidedly  different  from  "focusing"  lines, 
and  moreover,  the  former  wore  seen  only  in  sea  backscatter,  while  the 
latter  are  seen  also  over  the  land,  Muldrew  [Kef.  32"]  suggested  that 
large  swells  at  sea  could  produce  backscatter  enhancements  which  also 
appear  as  lines  on  swept-f requency  data.  Such  lines  were  seen  using 
comparatively  broad-beamed  antennas,  and  Muldrew  decided  that  an  iono¬ 
spheric  mechanism  could  not  have  produced  them.  It  seems  rather  that 
tlu;  sea's  typical  behavior  is  to  be  more  continuous  in  backscatter 
amplitude,  and  that  the  "thumbprint"  type  of  backscatter  modulation  was 
decidedly  due  to  an  ionospheric  phenomenon.  The  only  reasonable  hypothe¬ 
sis  was  that  magneloionic  splitting  in  the  ionosphere  produced  a  polai’- 
ization-rotation  modulation  on  the  received  backscatter  signals,  and 
that  the  continuity  of  the  sea  cross  section  polarization  dependence 
was  responsible  for  making  the  lines  visible  only  over  the  sea. 

This  hypothesis  was  interpreted  by  writing  the  expressions  for  the 
phase  paths  of  tne  various  ordinary  (o)  and  extraordinary  (x)  modes  which 
could  travel  from  the  transmitter  to  the  scatterer  and  combine  at  the 
receiving  am.  ,na.  Simple  trigonometric  expressions  which  described  the 
wav  in  wnich  the  rotation  ot  polarization  can  modulate  sea-backscatter 
amplitude  were  then  derived.  The  expressions  were  first  listed  for  the 
general,  bistatic  geometry,  assuming  different  polarization  states  for 
the  transmitter,  the  sea,  and  the  receiver.  Later,  the  expressions 
were  simplified  greatly  by  assuming  a  monostatic  sounder.  Then,  using 
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an  approximate  computer  raytracing  technique  and  representative  iono¬ 
spheric  models,  synthetic  backscatter  records  wer.  constructed  which 
showed  (approximately)  the  expected  characteristics  of  what  is  termed 
"polarization  modulation" ,  The  predicted  thumbprint  lines  agreed  very 
well  with  those  observed  experimentally,  which  lends  some  credence  to 
the  mathematical  theory.  It  is  concluded  further,  that  the  inability 
to  detect  polarization  modulation  during  the  summer  is  due  to  its  more 
sensitive  dependence  upon  frequency,  time  delay,  and  azimuth  during  that 
season.  In  general,  since  the  theoretical  expressions  for  received  vol¬ 
tage  contain  sines,  cosines  and  constants,  these  expressions  can  be 
adapted  to  explain  the  continuity  and  periodic  behavior  of  the  thumb¬ 
print  lines  on  the  basis  of  polarization  rotation. 

Conclusive  proof  of  the  above  theory  was  established  experimentally 
by  changing  the  transmitted  polarization  while  succe  sive  backscatter 
e  records  were  recorded.  Figure  39  shows  that  when  the  transmitter  polariza¬ 

tion  is  switched  from  "vertical"  to  "circular"  a  distinct  change  in  the 
,  "polarization  modulation"  occurs.  It  is  usually  seen  that  for  "circular" 

polarization  the  thumbprint  lines  are  more  blurred.  The  data  of  Fig.  41 
represent  the  clearest  evidence  that  the  new  type  of  backscatter  modula¬ 
tion  is  caused  by  polarization  rotation.  The  shift  in  the  periodicity 
and  "phase"  of  the  enhancements  were  correlated  wLth  the  theory.  It  was 
concluded  that  the  sea-backscattering  cross  section  was  not  polarization- 
independent,  but  rather  it  was  iineai’ly  polarized,  as  predicted  by  its 
most  up-to-date  model  (Chapter  II) ,  Because  of  the  complexity  of  the 
theory  for  the  bistatic  sounder  geometry,  however,  it  was  not  possible 
to  verify  a  unique  expression  for  received  voltage  changes  as  a  function 
of  transmit  polarization. 

By  virtue  of  the  results  shown  in  both  Fig.  41  and  Fig,  42,  it  was 
concluded  that  the  variation  in  backscatter  amplitude  can  easily  be  as 
*  much  as  10  dB,  as  predicted  theoretically.  This  also  shows  that  the 
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quasi-longitudinal  (QL)  approximation  (Chapter  V)  holds  much  of  the 
time,  for  waves  entering  and  exiting  the  ionosphere.  This  was  also 
predicted  on  the  basis  of  the  model. 

It  was  also  shown  that  the  ability  to  detect  "polarization  modula¬ 
tion"  over  the  east-west  Pacific-Ocean  path  depends  on  the  effective 
antenna  beamwidth  of  the  sounder.  For  the  Los  Banos  array  and  single 
LPA  combination,  the  -6  clB  beamwidth  of  the  former  is  appropriate  to 
use  as  the  "equivalent"  beamwidth.  As  Fig.  43  dramatically  illustrates, 
when  this  equivalent  beamwidth  is  broadened  from  1/2  to  4  degrees  the 
polarization  modulation  is  undetectable.  The  azimuth-scanned  fixed- 
frequency  backscatter  of  Fig.  44 — and  its  theortical  counterpart,  Fig.  34 — 
explain  this  beamwidth  dependence  very  well.  In  fact,  a  beamwidth  of 
2  deg  is  not  likely  to  be  sufficient  to  resolve  polarization  modulation 
over  the  east-west  backscatter  path.  Previous  backscatter  sounders  have 
achieved  frequency  bandwidths  and  pulse  lengths  as  narrow  as  those  de¬ 
scribed  herein,  but  the  n a r r o v- beamwidth  capability  of  the  Los  Banos 
receiving  array  has  yet  to  be  achieved  elsewhere.  The  azimuthal-dependence 
of  polarization  rotation  therefore  probably  explains  why  polarization 
modulation  on  sea-backscattci  amplitude  has  not  been  positively  identified 
in  previous  work. 

B.  APPLICATION  OF  RESULTS 

The  results  just  described  should  be  applicable  to  future  back¬ 
scatter  studies  using  high  azimuthal  resolution  in  the  following  ways: 

(1)  Once  identified,  polarization  modulation  could  be  controlled 
bv  (a)  c.  nginf  the  transmitted  polarization,  (b)  allowing  time  to  pro¬ 
gress  (if  conditions  are  suitable),  or  (c)  changing  the  radio  frequency. 

If  desired,  this  modulation  could  be  eliminated  entirely  by  using 
circularly-polarized  transmitting  and  receiving  antennas. 


174 


(2)  Since  the  character  of  the  modulation  is  a  function  of  the 
polarization  dependence  of  the  sea  backscatter,  and  since  this  dependence 
could  change  slightly  with  sea-state  changes--more  so  when  the  first- 
oi'der  sea  doppler  is  filtered  out — one  might  be  able  to  detect  changes 

in  the  polarization  dependence  of  the  sea-backseattering  cross  section 
per  unit  area.  This  factor  should  be  correlated  with  storm  activity  at 
sea. 

(3)  It  is  clear  that  the  measurement  of  changes  in  sea  state  at 

a  distance  using  high  resolution,  must  be  able  to  account  for  polariza¬ 
tion  modulation — since  this  effect  tends  to  alter  the  otherwise  smoothly 
varying  amplitude  of  sea  backscatter  with  slant  range,  azimuth,  and 
frequency. 

(4)  The  fact  that  polarization  modulation  may  be  predicted  to 
first  order  using  computer  raytracing,  means  that  variations  in  iono¬ 
spheric  structure  (e.g.,  the  shape  of  the  profile)  may  be  studied  by 
the  way  in  which  they  affect  the  modulation.  This  information  could 
then  be  used  to  interpret  ionospheric  structure  from  the  experimental 
backscatter  data.  Furthermore,  the  polarization  modulation  line  structure 
may  be  predicted  for  any  part  of  the  world.  (It  is  clear,  however,  that 
more  accurate  computer  programs  should  be  developed.) 

C.  RECOMMENDATIONS  FOR  FUTURE  WORK 

(1)  Determine  the  allowable  frequency  bandwidth  and  range  resolu¬ 
tions  for  detecting  polarization  rotation.  How  does  this  bandwidth 
change  as  the  minimum  time  delay  over  the  backscatter  path  is  approached? 

(2)  Record  the  polarization-rotation  amplitude  modulation  on  sea 
backscatter  at  night. 

(3)  Measure  the  polarization  dependence  of  the  sea's  HF  back- 
scattering  cross  section  per  unit  area,  versus  the  sea  state. 


(4)  Study  the  effect  of  sea  state  on  polarization  modulation.  If 
possible,  filter  out  the  first-order  doppler  components  of  the  soa'c 
backs catter. 

( f>)  Consider  what  happens  to  the  polarization-modulation  lines 
when  the  polarization  t'_pendence  of  the  sea's  backscattering  cross  sec¬ 
tion  is  well  defined,  but  not  linear. 

(6)  Consider  the  behavior  of  polarization  modulation  when  the 

o  and  x  modes  are  unequally  attenuated  or  are  not  circularly  polarized. 

(7)  Investigate  the  effect  of  ionospheric  irregularities  on  the 
structure  of  polarization-modulation  lines.  For  example,  record  such 
data  during  the  generation  of  ionospheric  turbulence  by  a  solar  flare. 

(8)  Develop  a  more  accurate  method  for  predicting  polarization 
modulation  using  computer  raytracing. 

(9)  Investigate  the  behavior  of  polarization  modulation  when 
sounding  along  a  north-south  backscatter  path. 


THE  POLARIZATION  OF  THE  MAGNETOIONIC  COMPONENTS  AND  FARADAY  ROTATION 


In  recent  years,  the  concept  of  "total"  or  accumulated"  Faraday 
rotation  has  been  used  to  define  polarization  measurements  on  signals 
transmitted  from  satellites  to  the  ground.  For  HF  oblique  propagation, 
this  concept  can  lead  to  confusion.  Therefore,  after  reviewing  the 
basic  Appleton  equations  [after  Ratcliff^,  Ref.  68],  an  unambiguous 
definition  of  polarization  rotation  will  be  derived  herein.  This 
groundwork  is  absolutely  necessary  for  the  proper  development  of  the 
theories  regarding  "polarization  modulation"  on  sea  backseatter 
amplitude. 


A.  THE  BASIC  EQUATIONS  FOR  POLARIZATION  AND  REFRACTIVE  INDEX 

Assuming  that  the  ionosphere  is  homogeneous,  slowly  varying,  and 
stable,  ray  theory  [Ref.  68]  may  be  used,  and  the  expressions  for  wove 
polarization  R,  and  refractive  index  (i,  may  be  written  explicitly. 
After  Ratcliffe,  the  coordinate  system  shown  in  Fig.  45  is  employed. 

The  z  axis  is  always  aligned  with  the  wave  normal  (wn),  in  the 
direction  of  phase  propagation.  The  earth's  magnetic  field  intensity, 
H,  lies  in  the  y-z  plane,  such  that  its  longitudinal  component  lies 
in  the  z  direction,  and  its  tangential  component  in  the  y  direction. 
From  Ratcliffe,  the  complete  expression  for  the  polarization,  R,  of  the 
characteristic  waves  is 
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This  expression  describes  two  elliptical  waves  whoso  electric  field  com¬ 
ponents  in  the  x  and  y  direction,  and  E  respectively,  have  a  relative 

amplitude  and  phase  determined  by  R. 

2  2 

The  quantity  "x"  is  equal  to  uT/u>  ,  where  to  =  2Hf,  the  radio- 

^  2 

frequency  in  radians/sec,  and  o'  is  the  "plasma  frequency";  to“  is  equal 

2  7  lS  N 

to  (2Tt)~  8.06l(l0)  N,  where  N  is  the  local  electron  density  in 
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elec  trons  /in  Thus 
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where  f  is  the  frequency  in  MHz.  It  was  always  true  that  u)  >  to  in  the 
M  N 

author’s  work,  so  that  X  >  1,  and  usually  X  »  1. 

The  quantity  "Z"  is  equal  to  v/u)  where  v  is  the  frequency  of  colli¬ 

sion  of  electrons  with  heavy  particles.  Budden  [Ref,  57]  indicates  that 
v  £  105.  Also,  using  formulas  for  v  given  by  Ratcliff  [Ref,  58]  Z  is 

found  to  be  less  than  10  2  in  the  HP  band  (3-30  MHz),  in  the  E  layer, 

-5 

and  less  than  10  in  the  F  layers.  Clearly  then,  Z  «  1,  Finally, 
since  it  was  usually  true  that  X  «  1,  Z  «  ( 1  -  x)  at  HF,  so  that  Z 
can  bo  neglected. 

Defining  U)  =  p^  |e|ll/m  to  be  the  "angular  gyro-frequency,"  then 
Y  =  -  cos  6<o  /tw,  and  Y  =  -  sin  Set  /to,  where,  from  Fig.  45,  6  is  the 

angle  between  the  WN  and  B  <  Using  the  values  for  the  p  ,  and  e/m  for 

0  4  ° 

an  electron,  [Ref.  56],  to  =  3.52(l0)  h(2tt),  so  that 

II 


a  0.0352  II 
Y  =  -  cos  9  - — - 

L  fM 


.  _  0.0352  II 

y„  =  -sm  e  — - - 

T  f 

ul 


(A3) 
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A 


The  refractive  index,  p,  of  the  ionosphere  Olef.  683  is  given  by: 


2 

(A 


(1  -  iYLR) 


(A4) 


When  one  neglects  the  earth's  magnetic  field,  Y  =.  0,  so  that  p  (no  field) 

L  N 

is  given  by 


1  -  X  (no  field) 


(A5) 


B.  THE  INTERPRETATION  OF  R  AND  p 

Using  Eqs.  (Al)  and  (A3),  denoting  R  and  R.  as  those  when  the  upper 

u  * 

and  lower  sign  are  taken  in  R,  and  noting  that  R  R,  =  1,  we  can  write 

u 


R 

u 


2  2  0 
Y  sin  9 
T 

4(l  -  x)2 


-X  cos 


+  cos 


|yt  sin  9 1 
+  2(1  -  X) 


) 


(A6) 


It  is  noted  that  |r.  |  ^  |rJ,  and  since  ( 1  -  X)  is  always  positive,  the 

U 

denominator  of  R  is  always  positive,  so  that  the  sign  of  R  is  determined 
u  u 

solely  by  the  value  of  6.  Since  the  phase  of  R  and  R,  is  ±90  deg,  the 

u  £ 

ellipse  traced  by  each  wave  will  have  its  major  axis  aligned  with  the  x 

or  y  axis,  depending  upon  which  R  is  greater.  Accordingly,  the  two 

ellipses  are  perpendicular.  It  is  also  seen  that  |r  I  determines 

u 

the  ellipticity  (or  axis  ratio)  of  the  two  waves. 


Defining  the  "o"  and  "x"  Waves 


Referring  to  Eq.  (Ad)  we  can  rewrite  the  expression  for  p  as 


p  and  p  ,,  corresponding  to  the  upper  and  lower  signs  in  R,  as 

u  x 


2 

p“ 

u 


1  - 


1  + 


|V  R  | 
1  L  u1 


2  ..  X 

P  ,  =  i - 

*  1  -  IVv 


(A7) 


Since  it  is  true  that  (r^I  ^  1,  p^  deviates  further  from  p^T  (no  field) 

than  does  p^.  Accordingly,  it  has  become  the  convention  to  denote 

R  =  R  for  the  "ordinary"  (o)  wave,  and  R  =  R.  for  the  "extraordinary" 
o  u  -  X  x  - 

(x)  wave.  Likewise,  p  =  p  and  p  =  p„.  It  is  then  seen  from  Fig.  45 

o  u  x  x 

that,  since  R  £  1,  E  I  =»  E  .  hence  the  major  axis  of  the  "o" 
u  x  o  y  o' 

ellipse  is  on  the  y  axis — most  nearly  aligned  with  the  II  field.  Likewise, 

the  "x"  ellipse  major  axis  is  aligned  with  the  x-axis,  perpendicular 

the  field — hence  acted  on  more  so  by  it.  Finally,  since  [y  |  «  J  for 

L 

the  frequencies  used  by  the  author,  p  ^  p  . 

o  x 

These  two  characteristic  waves  (o  and  x)  will  be  generated 
when  a  linear  wave  goes  into  the  ionosphere,  and  will  propagate  independ¬ 
ent  of  one  another  unless  mode  coupling  occurs.  Since  we  can  neglect 
collisions  (Z  =  o) ,  and  since  X  «  1  mode  coupling  can  only  occur  if  a 
ray  strikes  an  irregularity  in  the  ionosphere;  this  effect  is  assumed 
to  be  small,  thus  negligible. 
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2. 


The  Direction  of  Rotation 


The  direction  of  rotation  of  the  o  and  x  waver,  are  determined 

by  the  sign  of  R  and  R  .  After  referring  to  Fig.  45,  i  0  s  9  £  90°  , 
o  x 

so  that  the  sign  of  R  is  minus,  then  since  R  =  E  /e  ,  the  o  wave  will 

o  x  y 

rotate  counterclockwise  (CCW)  when  viewed  from  behind  the  wave  (in  the  z 
direction).  It  then  follows  that  the  x  wave  will  rotate  clockwise  (CW)  . 
When  90  S  0  S  180° ,  the  direction  of  rotation  is  reversed. 

B.  THE  "QL"  APPROXIMATION 

It  is  often  true  that  a  considerable  simplification  in  the  expressions 
for  R  and  p,  can  be  made  by  assuming  that 


(QL) 


«  |i  -  x|2 


(A8) 


This  is  called  the  "quasi-longitudinal"  (QL)  approximation.  Using 
Eqs.  (A2 )  and  (A3),  assuming  that  X  «  1.  and  letting  H  =  H  »  25,  it  is 
calculated  that  the  QL  approximation  is  valid  over  the  following  ranges 
of  9: 


±  63.5°  )  {  3  MHz 

(QL)  9  within  {  ±  80.7°  }  from  0°  or  180°  at  { 10  MHz’ 


(A9) 


±  86.8° 


30  MHz 


Clearly,  the  QL  approximation  will  be  valid  over  most  ray  paths — except 
those  along  the  magnetic  equator  (which  were  not  involved  in  the  author's 
work).  The  polarization  and  direction  of  rotation  then  become 


These  expressions  and  mode  identifications  also  agree  with  Ratcliffe 
[Ref.  68]. 

Since  X  «  1.  !>”d  jY^J  «  3,  it  is  again  concluded  that  p  £  p  , 
but  that  the  direction  of  rotation  of  the  o  and  x  modes  will  change  when 
the  sign  of  cos  9  changes. 
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C.  FARADAY  ROTATION 


When  a  radio  wave  enters  the  ionosphere  and  splits  into  the  o  ar.d 
x  waves,  each  of  these  components  will  accumulate  a  different  phase  while 
it  propagates  enroute  to  a  receiving  point  or  scattering  region.  When 
the  time  delay  of  the  two  modes  is  not  resolved  (using  long  pulses  and/or 
large  scattering  surfaces),  the  addition  of  the  energy  propagated  by  the 
two  paths  will  determine  a  resultant  polarization.  The  ellipticity  and 
orientation  of  this  polarization  is  determined  by  the  relative  magnitude 
and  phase  of  the  o  and  x  modes,  and  by  |r|  which  defines  the  ellipticity 
of  the  two  wave  components. 

The  relative  magnitude  of  the  two  components  is  determined  by 
propagation  losses  and  the  exciting  polarization.  For  the  present  it  is 
assumed  that  the  o  and  x  components  have  equal  amplitude.  It  is  also 
assumed  that  the  o  and  x  modes  will  come  down  out  of  ionosphere  circularly 
polarized;  or,  equivalently,  that  the  QL  approximation  holds  at  the  bot¬ 
tom  of  the  ionosphere. 

The  phase  accumulated  by  each  mode  can  be  determined  by  integrating 
its  refractive  index  over  the  actual  path  followed  by  the  wave  energy. 

When  X  «1,  the  wave  normal  and  direction  of  propagation  are  the  same, 
so  that  [Refs.  56,57] 


P 

o 


P 

X 


I 


ds 


o  path 


J 


x  path 


u  d£ 
x 


(A12) 


Where  P  and  P  are  the  phase  paths  of  the  o  and  x  modes,  respectively, 
ox 

In  principle,  the  o  path  and  x  path  are  not  equal,  so  that  the  integrals 
are  separate.  Moreover,  these  paths  can  be  determined  by  constraining 
the  ground  distance  to  be  the  same  (as  in  point-to-point  communication), 
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or  by  constraining  the  time  delay  of  the  modes  to  be  equal;  the  latter 


case  has  application  to  backseat  ter.  Thus,  the  phase  between  the  o  and 
x  modes  is  equal  to 


(A13) 


where  \  is  the  free-space  radio  wavelength, 
o 

When  the  two  equal-amplitude  circular  waves  are  added  a  linear  re¬ 
sultant  will  be  produced.  The  angle,  d  by  which  this  resultant  deviates 
from  transmitted  polarization  reference  is  given  by  [Refs.  44,  56] 


Phase  difference)] 


> 


(A14) 


where  the  subscript  "i"  emphasized  that  this  is  denoted  the  instantaneous 

value  of  Faraday  rotation.  The  absolute  value  signs  are  present  to  avoid 

confusion  over  the  sign  of  (P  -  P^) ,  since  one  must  examine  this  sign 

and  the  sign  of  R  ,  in  order  to  determine  whether  d.  is  a  CW  or  CCW  angle 
-  o  1 

(looking  in  the  z  direction).  Often,  it  is  sufficient  to  know  only  J |  , 
but  for  others,  it  is  not.  For  the  latter,  the  following  rules  apply: 

1.  If  (PG  -  Px)  is  positive,  the  o  mode  experiences  a  phase 
lag,  so  that  Ad^  is  in  the  direction  in  which  x  mode  is 
rotating. 

2.  Likewise,  if  (P0  -  Px)  is  negative,  Adi  is  in  the  direction 
that  the  o  mode  is  rotating. 
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These  rules  may  be  summed  up  by  the  following  expression: 


JI  (P  _  p  ) 

X  ^  o  x' 
o 


X 


i  R 

•v 


EXIT 


where  the  sign  of  (R  )  exiting  the  ionosphere  is  given  by 

X 


M 

L|R  |1 

L  * 

X  1 

JEXIT 

(A15) 


This  final  result  is  completely  general,  and  makes  no  assumptions 
about  the  ionosphere  except  that:  _Lf  Pq  and  P  are  found  using  Eq.  (A12), 
then  it  must  be  true  the  X  «  1  is  satisfied.  Also,  if  Z  =  0,  then 
sign  (R^)  =  sign  (cos  0). 

In  the  event  that  the  downcoming  waves  are  not  circularly  polarized, 
it  is  still  true  that  each  may  be  broken  down  into  a  sum  of  a  linear 
plus  a  circular  wave,  and  that  the  circular  components  of  each  wave  will 
add  to  produce  a  Faraday-rotated  resultant,  according  to  Eq.  (A15). 

It  is  found,  however,  that  the  downcoming  waves  appear  to  be  very 
nearly  circular  most  of  the  time. 
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Appendix  B 


THE  SIGN  OF  "P0  -  Px" 


The  purpose  of  this  section  is  to  show  that  the  difference  between 

o  and  x  phase  paths,  P  -  P  ,  is  greater  than  zero  when  the  time  delay 

o  x 

of  the  o  and  x  modes  is  equal,  and  when  the  two  modes  travel  through 
nearly  identical  ionospheres,  in  nearly  the  same  direction. 

The  derivative  of  the  phase  path,  P,  of  a  characteristic  mode 
with  respect  to  distance  along  the  path,  s,  is  given  by  [Refs,  56,  57] 

dP 

—  =  y  cos  O'  ,  (Bl.) 

ds 

where  cos  a  becomes  significantly  different  than  1  when  y  «  1.  The 
"group  path,'  P7,  is  proportional  to  time  delay,  and  its  derivative  is 
given  by 

dP7 
ds 

If  it  can  be  shown  that 

dP 

o 

ds  ds  ds  ds  ’  . ' 

then  it  will  be  true  that  the  accumulated  ratio  of  phase  path  to  group 
path  will  be  greater  for  the  o  mode.  Thus,  when  the  time  delays  (group 
paths)  of  the  two  modes  are  equal,  it  will  be  true  that  P  -  ,P  >0. 


d(u)y) 

dOJ 


COS  Of 


dP 


dP 


dP 


(  B2  ) 


l  \ 


Proceeding , 


d(  tuu )  <tdu 

- -  =  u  + - 

diu  d'J) 


(B4) 


so  we  must  show  that 


du  du 

_ x  _ o 

du)  "duT 


(B5) 


The  complete  expression  for  a,  assuming  that  collisions  are  negligible 
(z  =  0),  is  given  by  [Ref.  68]: 


H  =  1 


X 


2(1  -  X) 


*11/2 


4(1  -  X) 


2 

2  +YL 


(B6) 


where  the  symbols  are  defined  elsewhere. 


Let 


D  =  D  iD  , 
1  2 


D  =  1 
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2(1  -  X) 
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-  +  Yw 
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4(l  -  X) 


The  upper  (+)  sign  represents  the  ’’o"  mode,  and  the  lower  (-)  sign,  the 

”x"  mode,  since  X,  Y  ,  Y  <  1.  It  is  then  found  that 

T  L 


du  _  X  T2D  dol 

du>  2  u>  d(i) 

2D  u  L  -J 


(B8) 
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and  that 


dD 

du) 


and  finally, 


_T _  _1_ 

v 2  ^  2D, 


(l  -  X)  2  \(l  -  X) 


T  2  ’ 

3  +  2YLj 


(  B9  ) 
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4(1  -  X) 


3  +  2 


,  (BIO) 


where  the  upper  sign  is  taken  for  the  "o"  mode,  the  lower  for  the  "x" 
mode. 

We  assume  that  X,  Y^,  and  are  nearly  the  same  for  the  two  modes, 

and  it  is  noted  that  |i  >  y,  and  that  (d  -  D  )  <  (d  +D  );  thus  to 

ox  12  12 

satisfy  Eq.  (B5)  it  is  sufficient  to  show  that 


Vt”*"}-— 1-  t"o")>  0  , 


Dl-D2 


D  +  D 
12 


(Bll) 


where  the  brackets  are  those  defined  by  Eq.  (Bio).  After  more  algebra, 
Eq.  (Bll)  becomes 


where 


and 


2  2  u  1'  2 
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[D,(d  -  k)  +  D  (l  +  L)]  >  0 
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which  becomes 


Y^(l  -  3X) 


(B15) 


so  that  Eq.  (B13)  does  hold. 

Therefore,  it  is  concluded  that  P  >  P  ,  when  p'  =  P,f  and  when 

ox  ox 

the  two  modes  travel  through  nearly  the  same  ionosphere  (as  from  an 

antenna  to  the  sea).  This  was  shown  for  X  <0.5.  Since  u  >  u,  , 

o  x 

it  will  be  true  that  P  >  P  for  larger  X,  but  to  show  this  requires 

ox 

more  work.  For  the  frequencies  normally  used  by  the  author,  however, 
it  was  always  true  that  X  <  0.5. 
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Appendix  C 


THE  EVALUATION  OF  "EQUIVALENT  BEAMWIDTH" 


A.  PURPOSE 


It  is  known  that  polarization  rotation  is  a  function  of  azimuth 
from  the  receiving  antenna.  In  order  to  be  able  to  detect  "polariza¬ 
tion  modulation"  on  sea-backscatter  amplitude,  it  was  suggested  in 
Chapter  V  that  it  is  necessary  that  this  variation  with  azimuth  be 
small  across  the  receiving  antenna's  main  beam.  The  purpose  of  this 

Appendix  is  to  evaluate  the  "equivalent  beamwidth,"  Acp  ,  which  is 

e 

defined  by 


(Cl) 


where  G  and  G  are  the  receiving  and  transmitting  antenna  gains  as 
X  t 

functions  of  the  azimuth  from  the  receiving  antenna  ( <p) .  It  is  shown 

later  in  Chapter  V  that  the  polarization  rotation  with  azimuth  should 

be  small  compared  to  . 

e 

B.  CALCULATION 

For  the  Stanford  system,  G  is  that  given  for  the  wide  aperture 

r 

receiving  array  'Chapter  III),  and  G^  is  that  for  a  single  LPA.  The 
computation  to  be  described  here  assumes  that  the  LPA  is  vertically 
polarized  (as  it  was  for  most  of  the  experimental  data).  Using  Jasik's 
equations  [lief.  89],  a  known  beamwidth  of  125  deg,  and  a  f ront-to-back 
ratio  (f/b)  of  15  dB,  G  may  be  expressed  by 
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where  cp7  is  the  azimuth  from  the  backscattering  point  to  the  transmitter. 

A  simplified  sketch  of  the  geometry  is  shown  in  Fig.  46.  The  field 

sites  are  separated  by  d  =  185.64  km,  and  for  the  integration,  the  total 

o 

(round-trip)  range  between  the  receiver,  scatterer,  and  transmitter  was 
constant  at  5340  km  (which  is  a  value  that  happens  to  apply  directly  to 
another  problem).  The  problem  of  finding  9'  cannot  be  solved  in  closed 
form ,  since  the  ground  range  and  elevation  angle  to  the  scattering  point 
are  not  known  for  all  <p.  This  can  be  solved  by  trial  and  error  on  the 
computer,  but  since  over  2200  sets  of  calculations  are  necessary  for  each 
pattern  integration,  the  computer  costs  would  then  be  prohibitively  large. 
Thei’oforc,  for  the  purpose  of  calculating  0  and  y'  it  was  assumed  that 
the  elevation  angle  was  constant  at  5  deg.  Since  this  value  is  small, 
without  too  much  error  the  planar  geometry  of  Fig.  46  can  be  used  to 
calculate  cp '  from  cp.  Proceeding,  we  can  use  trigonometric  identities 
to  express  y'  as  follows: 

-  (180°  -  151.1°)  , 


<?'  =  2  tan"1 


K  cos  a 
o _ 

sin  a 


whore 

5340  -  d 

K  =  - - 

o  5340  +  d 

o 


and 


(C3) 
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Figure  46.  Simplified  planar  geometry  used  to  evaluate  the  transmitter 
azimuth  (<p')  from  the  receiver  azimuth  («?),  in  order  to 
integrate  the  gain  product,  GrGt,  versus  y. 


The  expressions  in  Eqs.  (C2)  and  (C3),  and  those  for  G  were  pro¬ 
grammed  on  a  digital  computer  to  evaluate  Eq.  (Cl).  A  radio  fi'oqueney 
of  22.35  MHz  was  assumed  (which  also  applies  directly  to  another  problem, 
thus  saving  computer  time).  The  output  is  plotted  in  Fig.  47,  where  1 
represents  the  accumulated  value  of  the  normalized  integral  of  Eq.  (Cl) 
as  cf  increases.  The  azimuth  scale  is  greatly  expanded  through  the  regions 

of  the  major  beams  of  G  in  the  forward  and  backward  directions.  The 

r 

final  value  of  I  at  <p  =  360  deg  equals  A<+>  .  The  -3  dB,  the  -6  dB,  and 

e 

the  null-to~null  beamwidths  of  (I  are  shown  for  reference.  Front -to-back 

r 

ratios  of  15  and  10  dB  wore  computed  for  comparison  and  to  account  for 

the  possibility  of  unequal  ionospheric  absorption  between  east  and  west. 

'Hie  accuracy  of  the  computer  integration  procedure  is  ±  3  percent. 

These  results  show  that  the  -6  dB  beamwidth  of  the  receiving  array 

is  appropriate  to  use  as  At?  .  Furthermore,  the  contributions  to  the 

e 

integral  via  the  main  lobe  of  G  versus  those  from  all  other  azimuths 

may  be  computed  from  Fig.  47  as  follows:  The  amount  outside  the  null-to 

null  beamwidth  is  down  by  13.3  dB,  and  outside  At?  it  is  down  8.3  dB, 

e 

for  the  15  dB  F/B.  The  corresponding  values  for  the  10  dB  F/B  are  9.4 
and  7.6  dB. 

It  is  found  by  other  authors  [Refs.  41,86]  that  when  the  same  an¬ 
tenna  is  used  for  both  transmitting  and  receiving  in  a  radar  system,  the 

-3  dB  beamwidth  of  this  antenna  is  appropriate  to  use  as  Atp  .  Moreover, 

e 

this  result  is  indopon’ont  of  the  radio  frequency.  It  is  interesting 

2 

that  this  value  would  therefore  bo  obtained  if  G  dep  were  integrated 

r 

(assuming  a  15  dB  F/B  or  so),  rather  than  G  G  dtp.  Since  G  does  not 

r  t  t 

appreciably  change  with  frequency  (as  assumed),  it  is  likely  that  the 

result  for  Ac?  obtained  here  does  not  change  with  frequency — such  that 
e 

the  -6  dB  beamwidth  of  G  always  defines  it  properly.  The  value  of  the 


90.0  90.5  180  269.5  270.0  270.5  360 

RECEIVING  AZIMUTH,  (deg) 


Figure  47.  Plot  of  the  accumulated  value  of  the  normalized  integral  (I) 
of  GrGtdy?  versus  receiving  azimuth  The  final  value  at 
tp  =  360  deg  defines  the  equivalent  beamwidth,  A <pe.  Front- 
to-back  ratios  of  10  and  15  dB  were  assumed  for  the  single 
vertical  LPA  defining  Gt. 


-6  dB  BEAMWIDTH  OF  Gr  (deg) 


Figure  48.  Plot  of  the  -6  dB  beamwidth  of  the  Los  Banos  receiving  array 
versus  frequency.  This  beamwidth  is  approximately  equal  to  A<^e. 
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-6  dB  beamwidth  will,  of  course,  change  with  frequency 

plotted  in  Fig.  48  for  the  Los  Banos  receiving  array. 

of  the  above  calculation  and  assumptions,  the  plot  in  : 

fines  the  \alue  of  A<p  with  frequency, 

e 


,  and  this  is 
As  a  consequence 
■'ig.  48  also  de- 
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plots.  This  was  clearly  a  nev;  phenomenon,  seen  only  during  the  fall  and  winter  months. 
It  was  hypothesized  that  magnetoionic  splitting  in  the  ionosphere  produced  a  polariza¬ 
tion-rotation  modulation  on  the  received  backscatter  signals  and  that  the  continuity 
of  the  sea  cross-section  polarization  dependence  was  responsible  for  making  the  lines  i 
visible  only  in  backscatter  from  the  sea. 

Theoretical  development  of  this  hypothesis  led  to  simple  trigonometric  expressions 
which  describe  the  received  voltage.  Using  an  approximate  computer  raytracing  tech¬ 
nique,  and  representative  ionospheric  models,  synthetic  b.-v  kscatter  records  were 
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constructed  which  agree  very  well  with  the 
"thumbprint"  l ine- fatnil ies  observed  experimentally. 
The  computer-aided  predictions  also  showed  that  the 
inability  to  detect  "polarization  modulation"  durinj 
the  summer  is  due  to  the  more  sensitive  dependence 
of  polarization  rotation  upon  frequency,  time  delay, 
and  azimuth  during  Chat  season. 


Conclusive  proof  of  the  theory  came  when  the 
transmitted  polarization  was  changed  while  succes¬ 
sive  frequency  sweeps  were  recorded.  When  the 
transmitter  polarization  is  switched  from  vertical 
to  approximately  circular,  the  "thumbprint"  lines 
in  Che  t ime-de lay-vs- frequency  data  are  usually 
blurred.  When  "£ixed"-Crequoncy ,  ampl itude-vs- 
lime-delay  data  were  recorded,  and  when  the  polari¬ 
zation  at  the  transmitter  is  switched  from  vertical 
Co  horizontal,  the  shift  in  the  positions  of  the 
enhancements  in  slant  range  correlated  very  well 
with  the  theory. 


When  Che  equivalent  beamwidch  of  the  2.5  km 
array  is  broadened  from  1/2  to  4  deg  the  polariza¬ 
tion  modulation  is  usually  undetectable.  Examina¬ 
tion  of  azimuth-scanned,  fixed-frequency  measure¬ 
ments  and  their  theoretically-synthesized  counter¬ 
parts  explained  this  beamwidth  dependence  very  well 
It  was  found  that  a  beamwidth  as  small  as  2  deg  is 
not  likely  to  be  sufficient  to  resolve  polarization 
modulation  on  an  east-west  backscatter  path,  which 
probably  explains  why  the  effect  was  not  positively 
identified  in  data  taken  before  the  use  of  the  2.5 
km  array.  These  conclusions  do  not  necessarily 
apply  to  north-south  backscatter  paths,  however. 


The  measurements  showed  that  the  variation  in 
as  much  as  10  dll,  and  tnis  also  was  predicted  theor 
me 
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nt  of  changes  in  sea  roughness  versus  distance  majle  wit 
account  for  "polarizat ion  modulation,"  since  it  ten 
varvmg  amplitude  oL  the  backscatter  with  slant  ran 
shown,  However,  that  the  effect  of  this  new  modulat 
modifying  the  polarization  ot  the  transmitting  ante 
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